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1 INTRODUCTION

At the outset of this work, a controversy had begun concerning the near-millimeter-wave
(NMMW) transmission of the atmosphere. Observations of attenuation, then and since, have
been reported [e.g. 1-3] which are higher than anything attributable to accepted theory.
Absorption in this region, between 90 and 1000 GHz, comes primarily from rotational lines of
water vapor. While it is difficult to predict absorption in the wings of lines, the referenced
observations were particularly anomalous in one or more respects:
1. Attenuation per unit water vapor concentration seemed to increase with decreasing

temperature much faster than expected. Energy levels in the water molecule and expected
intermolecular interaction energies could not account for the results.

2. Absolute attenuation coefficients were very large at frequencies between water lines where
low attenuation was expected. Instances of this occurred during conditions of high1
humidity, fog, and/or low temperatures. Values of extra absorption around 10 dB/km or
higher, if correct, would have an adverse effect on applications of the NMMW band.

3. Discrete absorption features appeared which were not at frequencies of known water lines
or of other known atmospheric constituents. Spectroscopic studies of pure water vapor
under carefully controlled laboratory conditions have not shown such features, thereby
eliminating possible equilibrium concentrations of water dimers as a potential explanation
[4,51.

Although oxygen, ozone, and various trace species also absorb in this region, such phenomena
cannot be assigned to them and have been termed "anomalous absorption". It has been suggested
that exotic polymers of water might be responsible [2]. On the other hand, contrary results have
also been reported [e.g. 6,7], and assertions made that there were errors in those observations in
which anomalous absorption appeared. These matters are covered in greater detail in a review [8]
published during the course of this work and included in Appendix D of this report.

The purpose of our current work was to prepare new instrumentation for improved
observations of atmospheric absorption under conditions purported to be associated with
anomalous phenomena. We chose a spectroscopic technique, rather than single frequency
transmissions, so we could look for anomalous absorption features like those described in 3
above. The ability of the atmosphere to change significantly during time intervals of the order of
a few minutes can have a significant effect on accuracy in recording spectra. Distortions due to
atmospheric changes were one of the possible sources of errors cited by critics of anomalous
absorption. This consideration was a primary factor in our instrumental design.

There are two basic approaches to spectroscopy in the NMMW band. Spectra can be 0
obtained from tunable narrow-band sources. Due to their relatively high power. good
signal-to-noise ratios can be attained at any given frequency. However, there is often a
significant amount of time and effort devoted to tuning so that it is difficult to get a high
resolution spectrum in a time which is short compared with that taken by some changes in the
atmosphere. The alternative is Fourier transform spectroscopy. The disadvantage here is that
wide-band, black-body sources are relatively weak. Even with a sensitive liquid-helium-cooled S
detector, long integration times are required. If a long time is spent recording each sequential
point of the interferogram, then the total record time may be minutes to hours. During this time
any changes in atmospheric transmission will have the effect of a modulation on the
interferogram and will. to some degree, distort the spectrum, which is obtained hv Fourier
transformation. However. all frequencies are received at all points in the interferograms recordeu
(the multiplex advantage), and rapid-scanning techniques to obtain interferograms in a few S
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seconds have been devised for use at infrared wavelengths [e.g. 9,101. When integration times of
a few minutes are required to build up the signal-to-noise ratio, multiple interferograms or
spectra can be averaged. Then, although the result is an average over that period of time, each
spectrum in the average is practically undistorted by atmospheric change.

We elected to extend rapid-scanning FTS techniques to the NMMW band as the best way
to look for all three purported aspects of anomalous absorption. In addition, we have
incorporated polarizing beam splitters in the Fourier transform spectrometer (FTS) which offer
much improved efficiency over ones used previously in transmission measurements. The
complete system described in this report is designed to make transmission measurements over a
novel two-way, 400 m path. A liquid-helium-cooled InSb detector with a short response time is
incorporated. Partial tests of the instrumentation will be described, but difficulties with the
detector have made it not possible to obtain atmospheric transmission measurements as of the
time of writing.

2 FOURIER TRANSFORM SPECTROMETER

2.1 Selection of Interferometer Type
A two-beam interferometer (like a Michelson interferometer) is an efficient way to obtain

interferograms from which spectra of signal intensity are derived by Fourier transformation.
Unlike a gating spectrometer with slits, the input and output apertures can be large to promote op
throughput of radiation.

The history of interferometer development in the NMMW band is marked by
improvements in the beam splitter. An ideal beam splitter, divides the input beam into two beams
of equal intensity. Thin metal films cannot be used here due to absorption. Michelson
interferometers first appeared with thin, plastic film beam splitters [11]. However, such films
had less than ideal reflectivity, absorption losses, and troublesome gaps in efficiency caused by
interference within the films [12]. Moreover, the angle of incidence of radiation to the films was
often close to Brewster's angle, so one plane of polarization was not effectively split. In 1969,
Martin and Puplett [13] introduced a type of interferometer that also restricted throughput to one
plane of polarization but incorporated a beam splitter with nearly ideal performance.

This was achieved with a wire grid beam splitter that reflects one plane of polarization and
transmits the orthogonal one. The reflection and transmission of the two polarizations approach
ideal if the period of the grid lines g is much less than the wavelength X. (See Appendix B.)
When the grid lines are oriented at 450 with respect to the input polarization, such a beam splitter
can divide the radiation into two beams of nearly equal intensity. While early grid beam splitters
were made by stretching fine wires across a frame, we have since found [Ref. 14 and Appendices
A-D] that high performance can more reliably be obtained with a pattern of metal strips etched
on a thin plastic substrate. When the substrate is very thin with respect to X, it is essentially
invisible. Beam splitters of this type are used in the system described here.

* Many versions of the Martin-Puplett polarizing interferometer have been described, two of
which are illustrated in Fig. 1. Part a. shows a version with separate input and output beams like
those in a traditional Michelson interferometer. The output beam takes a different direction due
to the rotation of polarization caused by the dihedral mirrors [13]. Part b. shows what happens if
the mirrors are planar: the output radiation goes back in the direction of the input and must be
separated out with another polarizing beam splitter used as an analyzer.

2L9
'1



* POLARIZING
GRID (45 )

BEAMSPLITTERS

/

S !MOVABLE
MIRRORS

*a) b)

Fig. I Types of Martin-Puplett polarizing interferometer. The grid polarizers have
their grid lines at 450 with respect to the page. The input plane of
polarization is out of the page. a) using dihedral mirrors. b) using plane
mirrors.

While separation of input and output beams is a nice feature of the layout in Fig. la,
dihedral mirrors are difficult to align optically. One axis of tilt and the orientation of the dihedral
roof line about the optic axis must be adjusted. The simpler system in Fig. lb is preferred for.
rapid scanning [15] so that complex alignments do not complicate the delicate high speed mirror
drive(s). With this design, two axes of tilt for one mirror must be aligned with respect to the
other so that wave fronts returning from both mirrors will be parallel in the output beam. ' ,

However, as will be seen, this function can be performed by auxiliary, non-moving mirrors. Our .
design for a rapid-scanning interferometer has some novel features but is closely related to the
design shown in Fig. lb.

2.2 Our Design
The arrangement of mirrors and beam splitter used in our design is shown in Fig. 2. The

mirror drive is somewhat novel for this type of interferometer in that one mirror in each beam.
M3 and M4. is moved. The mirrors move in opposite directions, since they are mounted on
opposite sides of a parallelogram formed by the mirror carriers and the levers Ll and L2. Each
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lever pivots in the middle with respect to the main interferometer drive base, which is shown.
The ends of the levers connect to the mirror carriers also through pivots. The angle of L2 can be
changed by the torque motor whose armature is attached to the lever and whose field is attached
to the base. As a result, the scanning mirrors move in such a way that the plane of each
reflecting surface is always parallel to the initial plane, and the path difference between the
beams is four times the displacement of one of the mirrors from the position where they are
coplanar.

Precision jewelled bearings

Colimain Is Main interterometer
C2 drive base

Limit switchies

0 Torque motor

- ') Limit pins

ear drive lever L2

Poarizngm/ th iScanning mirrors M3 aend M4

IEncoder grating (mirror pets and lever seen

spUtter frame - Grating damps and adjusters
BD Fotding minors Mi and M2

Fig. 2 Rapid-scanning Martin-Puplett type interferometer made at GTRI. Wiring
omitted for clarity. Dashed lines illustrate ray paths. Grating elevation
adjusting screw S 1. Grating azimuth adjusting screw S2.

Path differences up to 8.2 cm can be achieved with an angular rotation of about 200. This
makes a fairly compact drive for such a resolution. It is also well-balanced which is important for
keeping vibration down in rapid scanning. Mirror speeds up to 5 cm/sec can be obtained with the
servo-control. For spectroscopy near sea level, absorption lines in the transmission. spectrum of
the atmosphere over a 400 m path are generally of a such a width that 7.5 GHz resolution is
adequate. This corresponds to a path difference of 4 cm and a mirror displacement of 1 cm. Thus.
a spectrum can be obtained in around 200 msec.

The mechanism of this drive has some antecedents. It is similar to a design for translating a
single mirror in an interferometer developed at AFGL [9,101. In this, only one mirror was
translated by levers on one side of the base. The mirror also had a shorter range of travel since
the pivots were a tortional type limited by strain failure. We tried to use a similar pivot (a model
2479167-Z Flex Pivot made by Bendix, Electric Fluid and Power Div.) which was more flexible
and able to reach ±25' with indefinite life, provided there was zero load. Such pivots were
attractive because there is practically no friction involved, but they proved too flexible in two
respects: 1) they could not hold the armature in the center of the stator of the torque motor. and
2) the scanning motions created destructive resonant vibrations in the flexible pivots. For these
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and other reasons, we found it necessary to replace the pivots with jeweled bearings and pivots,
which we made to a tolerance of about 8 pam (0.0003 in). A light-weight lubricant (Synt-A-Lube,made by H. Molbius in Switzerland) was used for acceptably low friction.

As may be seen in the photographs in Fig. 3, the levers Li and L2 connect to the base and
to the mirror carriers with a top and bottom bearing/pivot set, with one exception: only one
bearing/pivot is used to connect L2 and the mirror carriers. These have a special arrangement to
allow for an important adjustment. If one tries to assemble the scanning mechanism without
making allowance for possible imperfections in machining the parts, a bearing/pivot set might
not fit in the last joint or might be seriously strained. To alleviate this, it is necessary to have
some adjustment in the length of at least one of the levers or mirror carriers. However, this is not
necessarily satisfactory since the assembled parts may not then form a parallelogram, and
parallel motion of the mirrors may be lost. Parallelograms can be obtained on both sides of the
drive if an adjustment can be made in the length of both mirror carriers and both sides of the
lever L2. The adjustment is made in each case by moving the hole in which the bearing or pivot
fits at the back of the mirror carriers and ends of L2. This hole is made to be the inner hole of
two nested collets which are each slightly and equally eccentric. By rotating the collets with
respect to the mirror carrier or lever, one can move the center line of the hole. When a position is
found that makes the mirrors move properly and which relieves strain, the collets are clamped.
The advantage of this method is that it resists loosening during scanning.

Motion of the mirrors is monitored by special optical grating encoders made by Teledyne
Gurley. The gratings, one on each side, are mounted to the interferometer base as shown in Figs.
2 and 3, and the two reading heads to the mirror carriers. The gratings have an envelope which is
a shallow arc corresponding to the arc of the levers. (While the mirrors move so that the
reflecting plane is parallel to its starting position, the reader will notice that the mirrors move in
and out slightly from the interferometer base due to the arc taken by the ends of the levers. The
mirrors are large enough that they always reflect the radiation beams in the interferometer, so
this is not a problem.)

The period of the grating in the Teledyne Gurley encoders is 20 .m, and with the %
conditioning electronics, an electrical pulse can be derived for every 5 I.m of motion of the
reading head. These interpolated pulses are triggered by the zero-crossings of the two differential
channels in quadrature. The accuracy of encoding depends essentially on two factors: (1) the
fundamental accuracy of the ruling of the grating, and (2) the accuracy with which mechanical ,,
and electrical adjustments can be made to achieve both a uniform duty cycle between
zero-crossings and the phasing between the channels nominally in quadrature. In practice, the
latter controls the accuracy achievable, and the manufacturer estimates that this is about ±2 ptm.
At ±X/150 for the shortest wavelength of possible interest, this degree of accuracy is adequate.
Encoder gratings are attached as shown in Figs. 2 and 3, and adjustments are provided for
alignment of the gratings with the mirrors and with the the reading heads. Measurements from
the encoders from both sides of the drive are used in reckoning path difference.

Folding mirrors M1 and M2 are provided so that the two moving mirrors can he parallel to
each other instead of perpendicular. as in a conventional interferometer. These mirrors also make
it possible to align the interferometer in the sense of bringing the output beams from the two
moving mirrors into coincidence. This is tested by shining a helium neon laser into the input port
and checking that the return beams are in coincidence on some distant target. Diffraction from
the grid beam splitter is not a problem since the zero-order spots are quite distinct. In fact the
diffraction patterns are useful in insuring the correct orientation of the grid lines. r W,

% 0
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Fig. 3 Two views of the interferometer scanning mechanism. Note: two bearings I
attach the levers to the interferometer drive base and lever Li is
connected to the mirror carrier by two bearings. Lever L2 is connected
to the mirror carrier by one bearing mounted in the double eccentric
collets, mentioned in the text. The signal conditioning units for the
encoders have been removed for clarity.
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3 OPTICAL DESIGN

3.1 Transmit/Receive Layout and Polarization Control
An input/output polarizing beam splitter is an important ingredient, in addition to those

shown in Fig. 2, for proper operation of the interferometer. This component, shown in Figs. 4
and 5, has three functions: (1) it establishes an input plane of polarization, (2) it acts as a
polarization analyzer for the output from the interferometer, and (3) it makes it possible to have a
monostatic antenna (for transmitting and receiving signals). This was important in making it
easier to implement a short path for calibration (see Section 6).

_ Cassegrain . .,
Antenna V

Detector

BDI
' - . . Interferometer

M5 source

Fig. 4 Side view of transmit/receive components, including source S, lens Cl,
folding mirror M5, input/output beam splitter BDI, interferometer,
Cassegrain antenna, and detector. Not visible is the polarizing filter.
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Fig. 5 Photograph of transmit/receive components

The signal from the lamp source is focused and reflected up to the input/output beam
splitter. There, one plane of polarization, at 450 with respect to a vertical line, is reflected into the 0
interferometer. The beam splitter in the interferometer has vertical grid lines, so that half the
incoming radiation is split to each of the sides of the interferometer. The same polarizations
return from mirrors M3 and M4. When they recombine at beam splitter BD2, there is a phase
delay between the beams proportional to the path difference. When the phase difference tor a
given wavelength is zero or a multiple of 27c, the resultant polarization going back out the
interferometer is the same as the input. For phase differences which are odd multiples of 7t, the •
outgoing polarization is perpendicular to that in the input. For intermediate phase differences, the
polarization is elliptical or circular. Regardless, the input/output beam splitter acts as an
analyzer: it passes only polarizations perpendicular to that from the input. With a conventional
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interferometer, the output signal at zero path difference is a maximum. For the interferometer
described here, interferograms are inverted but this has only a trivial effect on the extraction of
spectra by Fourier transformation.

The signal leaving the input/output beam splitter has a polarization which is once again at
an angle of 450 with respect to the vertical. This signal, which passes out through the Cassegrain
antenna, propagates from one building to another on the Georgia Tech campus over a path 200 m
long. At the end of this path, a dihedral retroreflector has been sited. Shown in Fig. 6, its roof
edge is horizontal so that the plane of polarization is rotated by 900. The retroreflector is aimed
back at the transmitter/receiver where the radiation is collected by the Cassegrain antenna. The
signal returns to the input/output beam splitter where it is now reflected upwards to the detector.
In order for the detector to see this signal alone, a polarization filter is provided, made from two
polarizing grids. Otherwise, the detector would see a large signal directly from the source. While
this signal is unmodulated by the interferometer, it might overload the detector if not removed.

The retroreflector has been made from Hexcell Tm honeycomb aluminum plates which
were found to be flat to a few thousandths of an inch, adequate for the NMMW region. They
were mounted in a machine jig to insure squareness of the roof intersection. Proper
retroreflection has been verified by clamping plate glass mirrors to the retroreflector surfaces.
The retroreflector assembly has been mounted to a specially constructed, large tripod assembly,
which has been reinforced with guy wires and shielded from wind and weather by a scaffold clad
with tarpaulin.
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Fig. 6 Photograph of main retroreflector
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3.2 Cassegrain Optics
The Cassegrain antenna consists of a 630 mm diameter electroformed primary paraboloid,

with a focal ratio f/0.28, and a 132 mm diameter secondary hyperboloid. A photograph is given
in Fig. 7. The surface of the mirror is nickel, over-coated with rhodium, chosen for weather
resistance. The secondary was a nickel-coated aluminum mirror which was diamond turned by
Aero-Research Corporation. This combination provided optically polished surfaces so that the
antenna could be aimed at the remote retroreflector using optical images.

y-.-

1AV
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000

Fig. 7 Photograph of Cassegrain antenna
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Construction of this type of antenna requires some care since the electroformed primary is
relatively thin (0.08 in, 2 mm). With the advice of the maker (Optical Radiation Corp.), we
mounted the primary in a shell that supported the back of the mirror at about 2/3 the diameter of
the mirror. We fastened it to the shell using a specially selected silicone adhesive recommended
as likely to minimize stress on the mirror. The shell in turn supported the secondary mirror with
conventional spars. Since it was impossible to guarantee that the primary would be located
accurately with respect to the secondary holder, the latter was provided with adjustments, both
for centering and for tilt. Subsequent tests, however, showed that the primary had been
accurately positioned and that adjustments from the neutral position of the secondary were not
necessary.

The whole antenna subsystem is mounted in an Aerotech gimbal with micrometer
adjustments for aiming. We built a pulley counterbalance system to stay within in the static
torque limitations of the gimbal.

3.3 Source 0

The source of radiation used in the system is a hot mercury lamp mounted in a cavity with
a conical horn (or cone channel) output. Such lamps have been found to radiate in the NMMW
band like a black body of 2000K [16]. The cavity is 127 mm (5 in) in diameter and integrates the
signal from all parts of the lamp into an apparent source about 5.3 mm (0.25 in) in diameter at
the output port of the cavity. The surface of the brass cavity has been gold-plated for high
reflectivity at NMM wavelengths.

The copper electroformed cone has apertures of 5.3 mm and 43 mm and a length of
116 mm. It serves two purposes: 1) it restricts radiation to cone angles which just fill the optical
train after the source, and 2) it makes the source appear to be larger in diameter [17] so that the
image of the source projected on the retroreflector is large enough to fill it. We have estimated
the apparent size of the source to be 33 mm in diameter and the image at the remote
retroreflector to be 3.5 m in diameter. There is some vignetting expected near the outer part of
this due to the sizes of the optical elements, but the central 1.6 m of the image should be free of
vignetting.

As shown in Figs. 4 and 5, there is a 70 mm diameter relay lens after the cone to place an
intermediate focus of the source on the input/output beam splitter BD1. The lens is double
convex (hyperboloid) and made of TPX®, a plastic selected for its low losses in the NM.MW
band and for its transparency. The hyperboloid surfaces were made with the usual eccentricity
(equal to the refractive index) [18] to minimize spherical aberration for on-axis radiation.

3.4 Interferometer Optics
The collimating lens C2 in the interferometer has an interesting dual role: 1) it forms a

nearly parallel beam of radiation for entry into the interferometer, and 2) it controls the quality of
the quasi-collimation by the Cassegrain antenna. It is a piano-convex (hyperboloid) lens made of
TPX® and is 100 mm in diameter.

Collimation to the interferometer is not perfect due to diffraction and to the extended size
of the source. Since the optical path lengths in the interferometer are not large and since the ratio
of aperture to wavelength is generally better than 50:1, diffraction will be neglected in the
interferometer. The mirrors of the interferometer are, however, somewhat over-sized to
accommodate a small amount of diffraction. The effect of the extended source is to cause the
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beam envelope in the interferometer to decrease from an approximate diameter of 83 mm at C2
to a diameter of 45 mm in the vicinity of the moving mirrors M3 and M4. The reason for this is
that these mirrors were placed near a pupil which is the image of the antenna aperture behind C2.

In initial designs of the lens C2, the surface was hyperboloid with the usual eccentricity to
minimize axial aberration [18]. However, it is known that off-axis, such aspheric surfaces can
actually cause aberrations to be worse than for the case where spherical lens surfaces are used
[19]. In our optical system there are many optical elements in the train before the beam which
propagates to the retroreflector. To estimate the effects of aberration, we used computer ray
tracing. We attempted to focus the Cassegrain so that there was an image formed of the source
on the retroreflector. We observed that the image field was drastically curved: the position of
focus for the apparent edge of the source was at 148 rm range, as compared with 200 m, on axis.
This might create a little wash out of the image near the edges of the retroreflector so we devised
a correction. We made the eccentricity of the hyperboloid somewhat smaller, until by trial and
error, the aberrations were negligible. The final eccentricity was 0.87 n, instead of the usual n,
where n is the refractive index, 1.458, for TPX@&. It is interesting that it was possible to correct
the image curvature by adjusting the surface of only one element in a simple way. A theoretical
analysis [20] of third-order aberrations in the system showed that this piano-convex lens, which
radiation passes through twice, was the primary cause of the field curvature, and the special
circumstances of the layout led to a fortuitously simple solution.

3.5 Detector Optics
The optics leading to the detector from the input/output beam splitter BD1 consist of a

36 mm diameter TPX® lens for relaying the signal from the retroreflector and two polarizing
filters to block direct radiation from the source. The window of the detector is 13 mm in
diameter.

4 DETECTION a

4.1 Detector Type
The lowest noise detectors sensitive over the NMMW range at the time this work began

were liquid helium-cooled composite bolometers, based on Germanium [211. Minimum
detectable power values (for a radiation band 0-1000 GHz) can be around NEP=l0-w/Hz , .-
Regrettably, these detectors cannot be used in this application because their response rolls off at
frequencies above (typically) tens of Hz. For rapid scanning of the shortest wavelengths that
might be seen here, the interferonieter could produce modulations of signal as high as 150 Hz in
frequency. The upper limit of the detector modulation frequency response should be significantly
higher to avoid phase shifts. Hot-electron InSb photoconductive detectors, on the other hand,
have modulation frequency responses up to at least 500 kHz, but a higher noise level. For
operation at liquid-helium temperatures, NEP values around 10-n W/Hzaf have been reported
122]. Values of this order can be shown to be the minimum necessary to obtain spectra in
reasonable amounts of total measurement time, as discussed in Section 7.

Obtaining a working InSb detector with such sensitivity proved to be difficult during the
contract period. Georgia Tech owned InSb elements at the start of the work of unknown
sensitivity. These proved to be significantly less sensitive than Golay cells, which usually have
NEP values of 10.9 to 10,0 W/HzlI2. We then were grateful to obtain an element through MICOM
and learned to contact it to the post which holds it in our detector cavity. The resulting sensitivitv
was better but not adequate to see the source signal over the 400 m path. After recontacting the
element several times, the best that we achieved was 2.4x101 W/Hz'a (see Section 8), not
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sufficient to conduct the experiment. We attempted to improve our technique by contacting the
element in a reducing atmosphere but this was unsuccessful. Nevertheless, it is still believed
possible to obtain a detector with the necessary sensitivity, particularly, since new sources for i"
detector elements have appeared in the U.S. since the work began.

4.2 Dewar and Internal Optics

The detector element used has been mounted in a standard Infrared Laboratories dewar
with a downward looking window, as shown in Fig. 8. The detector element is contacted to a
post within a gold-plated beryllium-copper cavity which is fed by a small horn. A fine wire to the
other side of the element completes the circuit to the preamp.

Dewar cold surface

Cavity

Detector element--'

Radiation shield BPE filter Crystal quartz filters

PTFE window

Outer Dewar jacket

Fig. 8 Diagram of internal detector optics

It is necessary. in Fourier spectroscopy to have a low-pass optical filter to prevent aliasing
of high frequency signals in the region of interest. InSb elements have a natural roll off at around
1000 GHz. However, it is necessary to remove higher frequencies in the infrared where the
element can be sensitive. Accordingly, black polyethylene and crystal quartz have been mounted
on the radiation shield of the detector dewar and on the detector cavity. The external detector
window is made of PTFE.

4.3 Preamp
A standard low-noise FET preamplifier with three stages and a gain of 300 has been used

with the detector. The noise figure of the amplifier was tested to be 1.8 nv/HzlIn. This compares
favorably with 3 nv/Hz'l typical of such preamps.
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5 ELECTRONIC CONTROL

The electronics subassemblies prepared for the FTS are diagrammed in Fig. 9. Many of the
electronic systems involved were developed concurrently for this program and for research for
AFGL. The interested reader may consult [23,24] for detailed information on the circuits and on
common optical elements. Control of the interferometer is separated into two sections, a
primarily analog section, called "Head Electronics", near the interferometer, and a primarily

so digital section, called "Control Electronics", which can be several feet away.

Detector Interferometer
Preamp (Encoders

0 and Servomotor)

Data Head
I Logging Electronics
Computers

Controlc°~tr°
Electronics

Fig. 9 Block diagram of electronics in FTS

Two Motorola 6809 microprocessors are contained in the Control Electronics chassis, one
responsible for servo-control and one for monitoring keyboard inputs which set various control
parameters; The circuits in the Head Electronics, in conjunction with the Control Electronics,
implement a hybrid analog/digital servo-system for accurate control of the moving mirrors. The
primary mode of operation drives the mirrors at a constant speed until a predetermined path
difference is reached and then the motion is reversed. The servo-control circuitry supplies a V
control voltage to a power servo-amplifier used as a voltage controlled current source (VCC)
which supplies current to the torque motor. The mirror position is determined by the pair of
incremental position encoders, whose conditioning electronics closes the feedback loop by
supplying information to the position counter. The position counter supplies position information
to the servo-loop control circuitry and to the control processor.

Fig. 10 gives a functional block diagram of the servo-system that has been implemented. In
the intial design, the servo-loop controller was directly connected to the servo-amplifier. Late in
the research effort it was discovered that the digital feedback of position and velocity
implemented by this system caused a grainy signal to be transmitted to the torque motor. As a
new byte of position or velocity information was received, the torque motor was asked to make a
small step response. This let the motor to radiate a great deal of interference which was picked
up by some part of the sensitive detector system. As a result, interferograms had an interference
component superimposed, as shown in Fig. 11.
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Fig. 11 Rapid scanning interferograxn recorded with the initial servo-system, high
frequency ripple is due to interference from the servo-system.

Manual rapid scanning showed (see Fig. 12) that this spurious signal did indeed arise from
the servo-system, so it was necessary to remove the continuous digital feedback. A centering
spring was added to the mirror drive and a function generator was used to scan the interferometer
in an open loop. This mode is selected in Fig. 10 when the function generator is switched in.

In the revised system, the encoder pulses are not used for feedback to the servo-system, but
they are used by the control processor to send to the data logging system to trigger
analog-to-digital conversion. This is the primary purpose of the encoders in any case. With the
Control Electronics, one can define the size of the sampling interval in terms of the number of
encoder pulses between samples. In the course of this work, various data logging computers have
been used and need not be commented on in detail. The same computers have been used to
implement the Fourier transforms [25].
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Fig. 12 Rapid scanning interferogram recorded with manual scanning
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6 CALIBRATION

To determine atmospheric transmission from spectroscopic measurements of transmitted
signals, it is necessary to know the signal that would have been obtained if the atmosphere were
not present and absorbing. The source, the instrumentation, the geometry of the propagation
path, and atmospheric attenuation all contribute to the shape and magnitude of the spectrum of
radiation received over the propagation path. In a laboratory experiment involving an absorption p

chamber, it is often possible to pump out the atmosphere and record a spectrum characteristic of
the instrumental-type effects. The atmospheric transmission is then the ratio of spectra with and
without the atmosphere. Clearly, we cannot do this in the open atmosphere.

In monochromatic experiments, methods have been devised to remove most instrumetltal
effects [261. Multiple corner cube reflectors are set up at different ranges from the transceiver.
Ratios of signal received from the various comer reflectors depend on the differential
atmospheric attenuation between the ranges and on differential diffraction losses. Since the
monochromatic sources can be approximated by point sources, the differential diffraction losses
are calculable and the signal ratios can be corrected to find the contribution of atmospheric .1
transmission.
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In the use of extended, wide-band sources, diffraction effects are not practically calculable.
The best that one can do is record the spectrum of signals received from the full path (400 m)
and another over a short path, and then take the ratio. The resulting spectral ratio is an
approximation to the transmission spectrum with two things which are unknown: the actual
transmission scale at a given frequency, and any remaining instrumental trends in the spectrum.
The root source of these uncertainties are questions about how the propagated beam diverges, as
a function of frequency, resulting in incomplete capture of the signal by the retroreflector and the
receiving antenna. On the other hand, such ratios of long and short path spectra should remove
any narrow instrumental effects, such as features due to internal interference in the lamp
envelope. All that should remain of frequency dependent instrumental effects are slow trends in
propagation efficiency. Since an extended source is used that over-fills both retroreflector and
the receiver, even these should be minor over much of the NMMW band. Thus, it should be
possible to obtain spectra which will show whether or not isolated anomalous atmospheric
absorption features (the third characteristic mentioned in the introduction) appear between the
known water vapor lines.

By making measurements during different atmospheric conditions, ratios of atmospheric
transmission can also be obtained with an absolute scale. Since warm, dry weather has been said
to be less likely to produce anomalous absorption, such conditions can be used as a reference to
test hypotheses about the existence of anomalous phenomena.

For the facility described here, a small retroreflector, like that at the remote site, has been 6
constructed as shown in Fig. 13. It can be rolled into place and then keyed to the antenna for
reproducible location. This has been useful also for testing the interferometer and detector.

Fig. 13 Photograph of calibration retroreflector
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7 ENERGY BUDGET
r

In this section, we will calculate what is expected in signal levels through the
instrumentation and over the propagation path. We can make two useful estimates: the total
signal in the pass band of the system, and the signal in one resolution width (7.5 GHz). Most of
the signal of interest is between 60 and 450 GHz, since the instrumentation will probably have
poor response and throughput below this range, and the atmosphere will absorb most of the
signal above this range. To facilitate calculation of the total signal, we divide the whole range
into three intervals, between 60-180, 180-310, and 310-450GHz. The boundaries of these
intervals are natural ones determined by noticeable water lines. The signal received in each
interval is then the product of

0 integrated power from the source
* instrumental transmission
* fraction of signal received by the retroreflector
* fraction of signal received by the receiving antenna, and
0 mean transmission of the atmosphere over 400 m.

We begin with the signal radiated by the source. The Rayleigh-Jeans approximation for
black body radiation holds in this range. Thus, the power AP available in a resolution width Av
can be approximated by

AP, = 2kTA !Qv 2 A V

C
2

*0

and the integrated power P, between two frequencies v, and v,, in Hz, is given by

P,=2kTA,2 3cv

where k is Boltzmann's constant, T is the source temperature, A is the area of the source, 92 is
the solid angle in which radiation is collected from the source, and c is the speed of light. We
have used the following values:

T = 2000K

A = 1.075x 10-3m 2

2 = 0.0641str

Values of AP, and P, calculated for the three intervals are given in Table 1.
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Table 1. Factors in the Expected Signals over the 400 m Propagation Path,

Frequency Interval, GHz

Factor 60-180 180-310 310-450

Source power in a resolution 4.6x 10-9 1.9x 10-1 4.6x 10-8
interval, W

Integrated source power in 7.9x 10-8 3.4x10-7 8.7x10-7
each interval, W ""

Instrumental transmission 0.047 0.047 0.047

Chopper factor when total 0.5 0.5 0.5
power is measured
Fraction received by 0.08 0.08 0.08
retroreflector
Fraction received by receiver 0.045 0.045 0.045

Mean atmospheric 0.90 0.77 0.25 t
transmission .,,

SIGNAL NEAR THE 5.9x10 -13 2.5xI0 -12 1.7x 1012
CENTER OF EACH
INTERVAL (IN A @ 110 GHz @ 245 GHz @340 GHz
RESOLUTION WIDTH,
7.5 GHz), W
TOTAL SIGNAL 6.0x10 "12 2.2x10 "11 1.8x 10 H %11
RECEIVED IN EACH
INTERVAL, W . -

TOTAL ALL INTERVALS, 4.6x 1011
W

The instrumental transmission represents all transmission factors within the
transmitter/receiver. There are a great many such factors, some of which are well known and
some which are uncertain. Among those which are known are

0 a factor of 1/2 for the selection of one plane of polarization
* a factor of 1/2 for interferometric modulation. This is applied even when total

power is measured since this type of interferometer must be set at some large path ,P
difference: in this case only about half the frequencies transmit through the
interferometer. When the interferometer is scanning, a given wavelength is
transmitted about half the time.

* a factor of 1/2, if a chopper is turned on
• a factor of approximately 0.75 for reflective losses at the eight lens surfaces

encountered by the radiation.
Among those which are not well-known are
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" the cumulative effect of imperfections throughout the system including radiation
lost at the edges of apertures

" the coupling efficiency to the detector element
0 the interferometric efficiency, generally found to be in the range 0.8-0.9.

Thus we cannot estimate the total instrumental transmission with any degree of certainty. Since
the unknown factors could be significant, we select a value of 0.25 to represent all unknown
factors here, leaving a total instrumental transmission of 0.047 (except for a chopper factor). -

The fraction of the power received by the retroreflector can be estimated as the ratio of the
area of the retroreflector to that of the ideal projected image, or 1 m2/(3.52 m) -_-0.08. From ray
traces, we estimate that the beam leaving the retroreflector will expand to twice the size of the
retroreflector plus the size of the transmitting antenna by the time it returns to the receiver.
Thus, the fraction received by the receiving antenna is t(0.315/2.63)2=0.045. The atmospheric
transmission values are rough approximations calculated from an empirical model [27] for a 0
relative humidity of 50%, and temperature, 288K.

From the results in Table 1, we conclude that a detector sensitivity (NEP) of about
10-12W/Hzn is necessary to have a signal to noise ratio in the spectrum of about 100 in an
integration time of about 1/2 hr, or a signal to noise ratio of 50 in an integration time of a little
over 1 sec. The best detector sensitivity achieved was 24 times worse than these figures. With
such a sensitivity, the time to reach 100:1 SNR in a spectrum would have been unacceptably
long, nearly 300 hrs.

8 RESULTS

The main results of this work to date have been tests of the equipment developed. A few
tests have already been mentioned in foregoing sections; e.g., tests of the rapid scanning
servo-system and of the preamplifier. In this section, tests of the antenna system, of the spectral
response of the FTS, and of the sensitivity of the detector will be described.

After the antenna was assembled, but before the interferometer was fully mounted, we
placed a projection lamp at the Cassegrain focus of the antenna. In nighttime experiments, we
adjusted the antenna and focused it on the tarpaulin of the remote retroreflector to determine the S
quality of the focus. While all the optical elements are polished so that they look optically shiny.
they are not figured to optical wavelength tolerances. The projection lamp had a filament that
was about 3 mm across, so if the antenna were optically perfect, the spot on the retroreflector
would have been about 0.32 m across. The observed spot was about 0.75 m across, suggesting
that the size of the blur circle of the antenna is about 0.45 m. Such excellent performance should
add little to the losses in the system.

Once the interferometer and other optics were mounted on the table attached behind the
antenna, it was no longer possible to use this method to aim the antenna since the Cassegrain
focus is near the beam splitter BD1. Instead, rough initial alignment can be obtained by several
steps: First we look for the crude image of the retroreflector during daylight. If this proves
difficult, we can place a bright lamp in the middle of the retroreflector at night and look for the
image of this source. We then reverse the process and place a photo-flood in front of the
Cassegrain aimed at the retroreflector with plate-glass mirrors covering the HexcellF" plates. The
retroreflector is then aimed so that the reflected light is centered on the hut on the roof housing
the transmitter/receiver. Finally, the mercury lamp source is temporarily replaced with a 90 GHz
Gunn source which sends a clear signal through the whole system and permits final adjustmentto maximize this signal.
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During the course of the work, interferograms were produced to verify that good spectra 4
could be obtained. An interferogram, which was presented earlier in Fig. 12, was obtained from
the short path to the calibration reflector. The corresponding spectrum is shown in Fig. 14. The
locations of expected water vapor lines are shown and account for most of the features in the
spectrum. One at about 660 GHz is probably an example of features due to interference in the
detector window. Such features are commonly found and should disappear when ratios of long
and short path spectra are taken.
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Throughoui the work, we battled problems with detector sensitivity. Improvements
gradually came through better contacting and making a better thermal contact between the
detector post and the liquid-helium temperature detector cavity. During the latter stages, we -
devised a laboratory test for detector NEP. This involved a large aperture, temperature-controlled
black body source about 80K higher in temperature than the room. We measured the signal from
this source using a chopper and a lock-in amplifier. We estimated the limiting area-solid angle
product in the system and calculated the optical NEP to be 2.4x10-,1 W/HzlI2. The voltage noise
of the cold detector element was measured to be 2.1 nv/Hzf. Thus the responsivity of the
detector is 117 v/W.

The IV characteristics of the detector were also measured. The dynamic impedance of the
detector at the operating current of 70 microamps was found to be 272 ohms. The electrical NEP
derived from the shape of the IV curve was found to be 5x10- W/izfl. This value is in line with
typical InSb detector performance.

The size of the discrepancy between the optical and electrical NEP values is indicative of
three possible problems:

* pathological low sensitivity to radiation due to poor absorption by the InSb
element,

• a bad electrical contact
a the element being starved for radiation in its particular cavity environment

The last in this list was considered the least likely, and it is difficult to test for the first, so we
attempted to improve the contacting. It is known that the best InSb contacts are made in an
atmosphere free of oxygen and water vapor. Thus, we attempted to set up the entire contacting
process in a glove box. However, repeated processing degraded the element to the point where it
was no longer useable. Time and financial resources ran out in this contract effort before this
problem could be resolved. At this point, the best course of action will be to purchase a new
commercial element with a matching cavity and feed.

9 CONCLUSIONS

In the course of this work, a number of improvements have been made in instrumentation
for NMMW research. In particular, an interferometer has been made with the following ,
combination of features:

* High interferometric efficiency, due to the Martin-Puplett type design
0 Ruggedness in photolithographically produced beam splitters
• Compactness and light-weight, of importance in attaching it to an antenna %
a Capability for rapid scanning, enabling the recording of spectra in a fraction of a

second.
Admittedly, severe problems have occurred in this work, of which the pivotal one in the end was
detector sensitivity, as detailed above. Also, much more time had to be spent on developing the 0
microprocessor-based controls for the system than had been anticipated. As a result, the intended
atmospheric transmission research could not be carried out inside the resources of the contract.
The research questions that were raised in the proposed research have been partially answered
since the inception of this work. Subsequent. atmospheric transmission or emission
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measurements have largely refuted the existence of anomalous absorption [e.g., 6,7,27,28]. It
would still be desirable to see wide-band spectra for the perspective this would give, and it is our
belief that the any remaining problems with the FTS equipment described here can be overcome. r
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Appendix A

Fabrication of Polarizing Beam Splitters

by
A. McSweeney

The polarizing beam splitters consist of a pattern of parallel

strips and spaces etched in an aluminum film on a Mylar* substrate. The

widths of the opaque strips and of the spaces are about 5 jm each.

Therefore there are 1000 line-pairs per cm. The thickness of the

aluminum film is nominally 0.4 lm. The thickness of the Type S Mylar*

is 6 jm.

The general procedure for fabricating the beam splitters is as

follows:

1. A piece of Mylar is stretched over an aluminum beam splitter

ring.

2. An aluminum film is deposited on the Mylar by evaporating

aluminum wire in a vacuum chamber.

3. A thin layer of photoresist is applied over the aluminum layer.

4. The photoresist is exposed to UV radiation through a mask. 0

5. Developing the resist leaves the line pattern of the mask in

the resist. The pattern consists of parallel strips of resist separated

by uncoated strips of aluminum.

6. The strips of uncoated aluminum are etched away from the Mylar

leaving the pattern of opaque aluminum strips separated by transparent
spaces.

*Mylar is a registered trademark of DuPont. 11
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The detailed procedure for fabricating the beam splitters is as

follows:

1. A piece of Mylar is stretched over an aluminum beam splitter

ring. Installation of a clamping ring further stretches the Mylar.

2. A measured quantity of high purity aluminum wire is placed on a

tungsten filament in a vacuum chamber. The stretched Mylar film is

cleaned with methanol and baked dry. It is then placed in the vacuum

chamber about 15 cm above the filament loaded with aluminum wire.

After the chamber is evacuated, current is applied to the filament

to first melt the aluminum wire and then to evaporate it. Some of the

aluminum vapor coats the Mylar. The filament is kept at a high

temperature until most of the aluminum has evaporated from the filament.

3. A resist promoter, hexamethyldisilazane (HMDS) is then applied

and spun off in a temperature and humidity controlled chamber.

4. Thinned Shipley AZ1350J Positive Resist is then deposited on

the aluminum film. The resist mixture consists of two parts resist to N

one part AZ Thinner. When the aluminum surfdce is covered with the

resist solution the beam splitter ring is spun at about 3000 rpm for 25

seconds. This is done in a dust-free environment. The resist is then

"soft-baked" at 85 0C for 25 minutes.

5. The mask and resist surface are then pressed together in an

evacuable container shown in Figure Al. The container has a large

aperture in the metal bottom to allow exposure of the photoresist to UV

radiation. A 12 mm inch thick transparent fused quartz plate is placed

over an O-ring to serve as a window. The cleaned mask is then placed on

top of the fused quartz plate with the chromium mask pattern facing up.
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Then the beam splitter ring, with the resist surface facing down, is

placed on top of the mask. A lapped aluminum disk is then placed inside

the beam splitter ring, with the lapped surface pressing down on the

Mylar. The thickness of the aluminum disk is greater than the thickness

of the beam splitter ring, so the top of the disk is the tallest part of

the stack. The outer diameter of the disk is just slightly smaller than

the inner diameter of the beam splitter ring. Therefore, the entire

usable area of the photoresist surface is pressed into contact with the

mask. Finally, a sheet of rubber is clamped by the edge to the top of

the evaculable container. When the air is pumped out of the container,

the rubber sheet is pressed in by atmospheric pressure. It presses

against the aluminum disk which in turn presses the flexible Mylar with

its aluminum and photoresist coatings into contact with the mask. A UV

lamp is then used to expose the photoresist through the window in the

bottom of the container and through the mask pattern. The exposure

lasts about 1 minute.

6. The beam splitter ring is then removed from the evacuable

container and the photoresist is developed in a mixture of 20 parts AZ-

351 Developer and 70 parts water for 15-20 seconds. After a deionized

water rinse, it is dried and examined under a microscope.

7. The photoresist surface is then "hard-baked" at 110 0C for 20-30

minutes.

8. The aluminum etch solution is a mixture of one part Acetic

Acid, 16 parts Phospt.oric Acid, one part Nitric Acid, and two parts

water. A drop of Kodak Foto Flo is added as a wetting agent and the -

0temperature is raised to 42.5 C. It takes about 2 minutes for the

aluminum to be etched away sufficiently to see light through the beam

splitter.
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9. The, remaining photoresist is removed from the aluminum. Thi s

is accomnplished by the use of acetone. The beamsplitter is then rinsed .

in deionized water and blown dry with nitrogen.

10. The final step is to remove the Mylar film from the aluminum
ring, clean the aluminum and the 0-ring, and then re-stretch the Mylar !

in the aluminum ring.
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Appendix B.

THEORETICAL OPTICAL PROPERTIES OF A GRID ON A DIELECTRIC FILM

R. A. Bohlander

1.0 Introduction

A grid of metal strips, or wires, preferentially reflects the plane

of polarization parallel to the strips and preferentially transmits the

orthogonal polarization when the wavelength is long compared with the 1'.

grid period. Polarizers and polarization sensitive beam splitters have

been constructed on this principle mainly for use at infrared and longer

wavelengths. When the application is in the microwave region, strips or

wires can be stretched on a frame to make a "free standing" grid. This

technique has been extended well into the submillimetre or far infrarpd

region (Ade et al. 1979; Simonis 1979) by the fabrication of grids with A.
periods as small as 5 -Wm and wire diametersas smallas 12.5 ;m.

Transmissions and reflections of the respective polarizations in excess

of 95 percent have been measured (Ade et al. 1979) for wavenumbers as

high as 100 cm . However, there are potential advantages in forming

the grid on a dielectric substrate. This can be done, for example, by

photoetching a grid pattern in a thin metal layer deposited on the

dielectric. The substrate then helps to preserve the accuracy of the %

grid, particularly the fine ones used at high wavenumbers. %

The performance of such grids has been studied by Auton (1967) in

the wavelength range 20 to 100 .;m and for grid periods of 4 to 10 .1m.

Each disc, made of polyethylene, was thick relative to the wavelength,

and its surfaces were not sufficiently parallel to cause resonances

between multiply reflected waves. In this case, the dielectric has a

deleterious effect on transmission as summarized by Auton (1967):

"supporting a grid on a substrate of refractive index n not only reduces

the wanted polarization, as compared with the unsupported grid, but also
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increases the transmission of the unwanted polarization". However, if

the faces of the substrate are parallel, interference between multiply

reflected beams can occur. If the thickness of the substrate is chosen

so that constructive interference gives a maximum transmission, the

effect of the substrate on the optical properties of the polarizer can

be negligible. Auton (1967) commented on this but did not give a

theoretical treatment.

The benefit of constructive interference can also be realized over

a wide spectral region in which the wavelength is much longer than the

thickness of the substrate. One region of interest is the near-

millimetre to submillimetre wavelength range where new component

development is being actively pursued. There is the need for polarizing

beam splitters, for example in polarization diplexers (Chu et al. 1975)

in Fabry-Perot etalons (Ulrich et al. 1963), and in the Martin-Puplett

variation (Martin and Puplett 1969, Challener et al. '.980) of the

Michelson interferometer. Films which are sufficiently thin, and have

sufficient mechanical strength and transparency are available

commercially; for example: Mylar (Smith and Lowenstein 1975), thickness

- > u 2m; Kapton (Smith and Lowenstein 1975), > 8 um; and polypropylene

(Chantry and Chamberlain 1972), >12 ijm. It may be mentioned that these

films have also been important as substrates for metal meshes used in

the fabrication of multilayer interference filters for the far infrared

(Holah et al. 1979).

There has been considerable interest in the theory of the optical

properties of grids. Larsen (1962) reviews work up to about 1962 mainly

on grids of wires. Some of the more recent work is referenced by Kalhor

(1978). When one is undertaking the design or the evaluation of a

polarizing beam splitter, a complete picture of both its transmission

and reflection properties is needed, and in many cases arbitrary input

polarization and incidence must be considered. We have found that a

more complete theoretical model is needed for a grid of metal strips on

a dielectric film than is readily available in the literature.
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The preliminary account which is given here is an extension of a

theoretical treatment given by Adonina and Shestopalov (1963), hereafter

referred to as AS. The present results are part of a larger effort,

including measurements, which will be reported elsewhere in due course. 0

2.0 Theory

2.1 No Dielectric Substrate

We will consider a grid which has a period g and metal strips of

width a, as shown in Figure 1, and initially we assume that the metal

strips are very thin, ideal conductors. Agronovitch et al. (1962) were

able to express the diffraction from a free standing grid of metal

strips as a boundary-value problem of the Riemann-Gilbert type for which

solutions were known. Their approach can in principle give a full

description of all diffracted orders. The validity of their method has

been checked by Kalhor (1978) and compared with an exact solution for a

special case by Baldwin and Heins (1954). The work of Agronovitch et

al. was a seminal paper in the Soviet literature on diffraction by

optical systems involving metal strips, and the paper by AS was an

extension of their theory to the case of a dielectric substrate. .

However, polarizing beamsplitters are used at wavelengths which are

long enough that only zero order diffraction need be considered. ; e

will assume that the wavelength X of the radiation is much greater than

g and will discuss later the theoretical limit to the validity of this

assumption. It is helpful to subdivide the problem into cases where

a) the plane of incidence is either perpendicular

or parallel to the strips

b) the plane of polarization is either perpendicular

or parallel to the strips.

An arbitrary wave can be subdivided into waves of the two polarizations

mentioned in (b), but a subdivision for an abritrary direction of incidence

35



L* - -LLL $ -L

Metal strips a

Dielectric film

FiriureB.1 Polarizer made from a grid of metal strips on a
dielectric film.
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along the lines in (a) is of course not possible. Nevertheless, it is

helpful to focus on the two limiting cases mentioned in (a) for the

present. For the amplitude reflection and transmission coefficients r

and t to be discussed, we will use a first subscript to specify the

orientation of the plane of incidence , and the second , the orientation

of the polarization; a 1 is used for perpendicular and 2 for parallel.

When there is no dielectric substrate, the amplitude reflection and

transmission coefficients in the long wavelength limit are well-known.

Lamb (1898), Auton (1967) and others give expressions for normal

incidence and Marcuvitz (1951), Smirnov (1958) and others give relevant

expressions for oblique incidence. This can be summarized by the

following

r 1 2 ( l a)l+ig& ln u+l (la)e

X 2i, ) cose

t-i cose (lb)
t12 1+ l~ n u+l cos5

X 2

where u-cos (L ( g - a)/glandeis the angle of incidence. Since g <<,

reflection dominates for this polarization, as expected. The

coefficients for the other plane of incidence r2 2 and t2 2 are

obtained from r1 2 and t12 by setting the factors cos A to unity. The case

of opposite polarization, ie. rll, tll, etc. may be obtained from the

first by Babinet's principle (Born and Wolf 1970, pp. 559-60; AS). For

example, rll is obtained from t1 2 but with u replaced by

v = cos (r a/g). Intensity reflection and transmission coefficients are

given by rr* and tt*, where * denotes the complex conjugate, and these

are the nuantities usually tested by experiment. Excellent agreement

between experiment and theory has been found (AS; Pursley 1956).
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2.2 Dielectric Substrate. Only _

Again, the theory is well-known (Born and Wolf 1970, pp. 60-62).

The reflection and transmission coefficients for a dielectric slab which

has parallel faces, and a thickness h are

r (2 h)
r = ra+rexp(2-Y2 (2a)

1+r 2 exp(2 i 2h)

t t (iy h)
t a aexp 2
s 1+r2exp(21y2h) (2b)

where r, is the amplitude reflection coefficient of each surface and to

and t. are the amplitude transmission coefficients of the first and

second surfaces. When the plane of polarization is perpendicular to the

plane of incidence,

-Y 0.
r a 1 W2 (3a)

= __I__ 2  (3b) P'

- 2y, 0a t " (3c)

t,

where - k cos e, kn cos e, k 2 T/ X , n is the index of

refraction of the slab (assumed to be in air), ande 'is the angle of1
refraction. For the opposite polarization, n cose' is replaced by 1 cos

in equations (3). If the medium is absorbing, n is replaced by the

complex refractive index n + iK /(47 ), where K is the absorption

coefficient. Cos e' is also complex and n cose' may be expressed as

(Born and Wolf 1970, pp. 627-30)

n cose - v + wi (4)
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where 2  2 ,2 2 2 2-sin 26)2 + 422 -
2v = n- - sin 2 + (n -K in )+ n

2 2 2 .2n2 2_sne2 + 2 2

2w2  -(n 2  K 2 sin 2e) + /(-___ n 02+4 n

and K KX/(41)

The following familiar optical properties of a dielectric

slab carry over to some extent when a grid is deposited on it:

a) as the thickness increases, the reflection and transmission

coefficients cycle between maxima and minima due to the

interference of multiply reflected waves,

b) reflection and transmission always depend on the angle of

incidence (which was not always the case for a free

standing grid)

and

c) at Brewster's angle of incidence, e - tan -1 (n),

the dielectric reflection coefficient is small

when the plane of polarization is parallel to

the plane of incidence.

The last property can be used to enhance the degree of polarization

obtained from a grid formed on a substrate.

2.3 Metal-strip Grid on a Dielectric Slab

It is desirable to have expressions for the optical properties of

such a grid for arbitrary planes of incidence. Wait (1957a, b, 1959;

see also Wait 1954, and Larsen 1962b) has done this for grids made from

wires. For metal strips on a dielectric slab, AS have considered only

the plane of polarization perpendicular to the strips. This orientation

gives the best polarization properties at oblique incidence for two ,
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reasons: (1) as 6 increases, the grid period appears to get smaller

relative to X [(notice the cos efactors in eq. (1)] and the leakage

of the "wrong polarization" decreases; (2) the transmission of the
"right polarization", namely that perpendicular to the strips, can be

improved if e is selected to be Brewster's angle for which the

dielectric reflection is negligible. The latter was also pointed out

recently by Challener et al. (1980). We will give a more complete

formulation than did AS, but for the present we, too, will restrict our

attention to the case where the plane of incidence is perpendicular to

the strips. The formulation is also restricted in another way; namely,

the incident beam is assumedto strike first the side with themetalstrips.

Of course, the intensity transmission coefficients in both directions

must be the same, on thermodynamic grounds, but the reflection and

absorption properties need not be. Other directions of incidence will 0

be covered in a subsequent paper.

2.3.1 Polarization Parallel to the Strips

Formulas derived by AS for the polarization parallel to the strips

are the following:

i g ln(u+l) (yi-Xo Y2 ) - kr 12 -- 2 2 (5 a)*

i g ln(u+l) (y +o y2) + k
2 X 2

where o = Y2+Y 1- (y2 - Y) exp (2iy2h) (5b)

2+IYI + (Y2 -YI) exp (2iy2h)

t12 = r 12 + 1
C (Sc)

where G depends only on the dielectric properties and is given by

G I 2+l i(y2-yl)h+ 2-l i(2l)h
-Y e (5d)

*Note: the reader should be warned that there are many errors in the

formulas of AS which appear to have occurred in type-setting. Corrected

formulas are indicated with an asterisk.
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When there is no dielectric (ie., in the limit when n -1 1),

equation (5) can be reduced to equation (1). Alternatively when there-b

is no grid (ie., in the limit a - o), equation (5) can be reduced to

equation (2). Also, the intensity coefficients r1 2 r12* andt12t12

can be shown to be complementary; ie.,

r r * l t t *4"
1212 12 12

An assessment of the limit to the validity of the long wavelength .

approximation can be made by comparison of equation (5) with a more

complete calculation involving higher orders of diffraction made by AS

for the case where there is no dielectric slab. The comparison is shown

in Figure 2 for two angles of incidence. When the incidence is near

normal, the minimum wavelength m where there is good agreement is

mi 2.5g. As e increases, X increases so that, for 9=65 ° ,

min = 5g. Unfortunately, AS have not provided calculated transmission

values in the case where the grid is on a dielectric slab. However, it

is reasonable to suppose that X specified in air should increase

with increasing n since the wavelength in the dielectric medium is

reduced.

2.3.2 Polarization Perpendicular to the Strips

The formula given by AS for reflection is as follows

i. n+1 .' ) k
i , i(lv)yl-kn
2 in2 )  (6a)o

r= i& n2+1ln (1V) kn

2 2

1 + .' 2 -Y Ro+l

2
n -7 Ro -1 (6b ),"',

R Y2 -n y1 exp(2iy2 h) (6c)*
0 Y2 +n 2 Yl 

'
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AS do not give a formula for t11, but by analogy with equation (5c) it

should be of the form

- 1 (6d)
C-"

In the limit n -1 1, G' 1 and equation (6d) conforms to Babinet's

principle; in the limit that the grid is absent (a -+ 0), equation (6d)

must go over to equation (2b). This fact provides a means of deriving a

formula for G' which is

(n2 y+Y2)2 - (n2 - y 2 ) 2 exp (21Yh)G1 2 (6e)

4 '1 n 2 n exp (i 2 h)

As an example, we show in Figure 3 calculations of the

reflection, transmission and absorption of a grid with the following

parameters

g = 20 um

a = 10 -im

h = 13 um

n = 1.5 (polypropylene)

K - given by Chantry and Chamberlain (1972)

= 300.

2.4 Absorption

Absorption in the dielectric substrate may be included in equations

(5) and (6) by following the procedure for replacing n and n cos 6 by

their complex values as described in section 2.2. However, absorption

by the metal strips has not as yet been included in the theory.
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Generally, this is a small effect unless the beam splitter is part of a

strongly resonant cavity such as a Fabry-Perot etalon. According to

Ulrich et al. (1963), the fraction of the intensity absorbed by the

strips is of the order of

A r r_~ ) (7)

A1 2  g r1 2r1 2* (7
a

for the polarization indicated, where a is the conductivity of the

strips and c the speed of light. For the opposite polarization, ohmic

losses are considered negligible (Ulrich et al. 1963). Calculations of

AI2 are shown in Figure 3 for the grid described above.

3.0 Conclusions

Following Adonina and Shestopalov (1963), we have extended the set

of equations for the reflection and transmission coefficients of a grid

made of metal strips on a dielectric slab. Orthogonal planes of

polarization have been considered. However, the equations are

restricted to the case where the plane of incidence is normal to the

strips, and the radiation is incident on the side with the metal strips.

Whereas absorption in the dielectric substrate has been treated

rigorously here, absorption by the metal strips has only been estimated .,

to order of magnitude following Ulrich et al. (1963). Throughout this

work, the approximation has been made that the wavelength is much

longer than the grid period g. The limit to the validity of this

assumption appears to be > 5g for free standing strips, but it is

not as well-known when the grid is on a dielectric substrate. The

remaining problems will be addressed in further work, and an

experimental evaluation of grid performance will be made.
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APPENDIX C

Measured Transmission and Reflection of

Grid Polarizers on a Dielectric Film

by

O.A. Simpson
R.A. Bohlander
R.E. Forsythe

In this section of the report we present preliminary results of

transmission measurements on 2 grid polarizers and a clear Kapton sub-

strate with both a Fourier Spectrometer in the spectral region 10 to

100 cm-l and a far-infrared (FIR) optically pumped laser at four frequen-

cies between 8.2 and 61.3 cm- . The two separate sets of data are in

excellent agreement.

The basic experimental apparatus for the Fourier measurements, a

Grubb Parsons cube interferometer is shown in Figure C.l. An evacuated

chamber with a grid polarizer and mirror arrangement (not shown) directed

the linearly polarized broad band FIR radiation to normal incidence with

the second polarizer (or clear substrate). The grid orientation was normal

to the plane of polarization of the radiation for maximum signal transmission.

The transmitted radiation then entered a Golay cell detector. Transmission

spectra were determined from the ratio of spectra obtained for the second

polarizer (or Kapton substrate) and spectra with no sample. The measured

values are shown graphically in Figures C.2-C.4. ,

The grids tested were fabricated by Dr. G. Lamb at NASA Goddard0

Space Flight Center. He vacuum deposited 5000 A of aluminum on Kapton 13

Am thick and then photo-etched the grid pattern of metal strips. The

sample of Kapton film was processed in the same way, but all of the aluminum

was etched off.

A block diagram of the optically pumped laser is shown in Figure C.5.

A 20 watt CO2 laser pumps a FIR laser of the metal waveguide type. The

FIR beam was divided by the beam splitter BS2. The reference signal Ib'

after detection and amplification by a Golay cell and lock-in amplifier, Nt

entered the denominator channel of the ratiometer RA. The beam
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then entered a Fabry-Perot interferometer (FP) which was used both to

measure the wavelength and as a filter to eliminate unwanted wavelengths

that may have lased simultaneously with the desired signal. Since the

radiation from this type laser is generally unpolarized, the signal la

was passed through a polarizer to produce the desired plane of polarization.

The signal was then transmitted through (or reflected from) the sample

polarizer and detected by another Golay cell. This signal, after lock-in

amplification, became the numerator signal in the ratiometer. The ratioing

process was important in eliminating source fluctuations in the FIR power

level. We will call values of Ia/Ib normalized signals.

The transmission of a sample polarizer was determined from the ratio

of the normalized signal with and without the sample in the laser beam.

The reflection coefficient was determined by the ratio of the normalized

signal when the radiation was reflected from the polarizer and that for

reflection from a mirror.

Results of the laser measurements, together with block diagrams of

each experimental arrangement are shown in sections I,II,III.

CONCLUSION

In evaluating the performance of the grids we have used the theoretical

framework in Appendix B. The polarizers we have tested were originally

intended for millimeter wavelengths. However; theory suggested that they

should be of use to much shorter wavelengths and so we have tested them

to wavelengths as small as 100Mm. It is apparent from Figures C.3 and C.4.

Table 2 that the polarizers perform well at millimeter wavelengths, but

a close comparison with theory cannot be made in the absence of good

absorption coefficient and refractive index data for the Kapton substrate.

At short wavelengths the polarizer transmission and reflection are very

different from expectation. When the plane of polarization incident on

polarizer #2 is perpendicular to the grids, it is expected that the trans-

mission would be close to that for the Kapton film alone. Instead the

transmission is about a factor of 0.5 lower. From a comparison of tables

I and II one can see that the transmission and reflection are almost
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complementory, so that the discrepancy does not arise in the main from

absorption. Further experimental and theoretical work is needed to un-

cover the reason for the discrepancies. The one case where the

discrepancies are not serious is when the grid period is very small,

as is the case for the data shown in Figure C.4. The predicted spectrum

for this case is very close to that of the substrate and agrees well

with the data. The conclusion drawn from this is that polarizers for

use with interferometers should have very small grid periods, and the

period of 10 pm chosen for subsequent fabrication was about as small

as could be fabricated accurately with the equipment available.
The primary parameters of the gridded beamsplitter were aperture,

95mm; Mylar substrate thickness, 6 pm; strip width, approximately 4 _m;

and strip period, 10 pm. Four types of techniques were used to measure

the transmission properties of these grids, and one to measure the

reflection properties. Figure C.6 shows the layout of instrumentation

used to make transmission measurements with the optically pumped laser

at frequencies of .525, 1.84 and 2.54 THz. As shown in Figure C.7,

the transmission of the polarizer is high as expected when the plane of

the polarization is perpendicular to the strips. Comparison is made

with theoretical calculations done according to the theory of Adonina

and Shestopalov and good agreement is found. On the basis of the

work described above, this is to be expected only when the wavelength

is much greater than the grid spacing, as is true here. in this case,

the polarizer's transmission is mainly limited by that of the substrate

as also shown in Figure C.7. The transmission of the opposite polarization

is small as expected (see Figure C-7), although not quite as small as -.

predicted by the theory used. Table C.4 gives values of the polarization

ratio; i.e., the ratio of the signal for polarization perpendicular to

the strip and that parallel.
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Table 2 (continued)

Line Orientation Measured

A (Um) Pol. 1 Pol. 2 e Transmission

1217 H H 0 0.941

1217 H H 10 0.948

1217 H H 20 0.944

1217 H H 30 0.949

1217 H H 40 0.932

Table 3. Kapton substrate transmission data for normal

incidence. -

Kapton
Substrate

) (ur) Thick. (mills) Transmission

185.4 0.3 0.91

185.4 0.5 0.83

570.5 0.3 0.98

570.5 0.5 0.95

1217 0.5 0.96

%

%4'
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II. Transmission coefficient measurements.

Substrate or
Quartz Fabry-Peroc Pol. I Pol. 2

Beam Det. 2

6 - angle between polarizer normal
and beam (degrees) ... rotation

Det. 1 in direction of arrow

Table 2. Polarizer transmission data.

Line Orientation

Measured

) (tam) Pol. I Pol. 2 a Transmission

163 H H 0 0.405

163 H H 10 0.406

163 H H 20 0.401

163 H H 30 0.363 .'.
163 H H 40 0.356 %

185.4 v V 0 0.434

185.4 V V 10 0.421

185.4 V V 20 0.443

185.4 V V 30 0.482

185.4 V H 0 0.034

185.4 V R 10 0.047

185.4 V H 20 0.048

185.4 V H 30 0.049 0
570.5 H H 0 0.805

570.5 H H 10 0.782

570.5 H H 20 0.787

570.5 H R 30 0.783

570.5 V V 0 0.761

570.5 V V 10 0.785

570.5 V V 20 0.809

570.5 V V 30 0.832

570.5 V H 0 0.016

570.5 V H 10 0.013

570.5 V H 20 0.012

570.5 V H 30 0.013

V - vertical ( .L to page) (table continued - next page)
a - horizontal ( II to page)
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I. Reflection coefficient measurements.

Iris

Quartz Fabry-Perot Pol. 1 Iris I Translation slide

V 
,

Det. 2
Det. 1 P1

Pol. 2

Note: the translation slide mount allowed the mirror and polarizer to

be interchanged ... coincidence of the two surfaces was constantly

checked by the reflection of a HeNe laser. The second iris has a
larger aperture than the first and absorbing sheets (Eccosorb) on
on both sides to stop stray radiation.

Polarizer #1 has a strip spacing of 50.8 im and a strip width of

12.7 Um on a Kapton substrate 12.7 u thick.

Polarizer #2 has a strip spacing of 50.8 um and a strip width of

19.1 Ym on a Kapton substrate 12.7 vm thick.

Table 1. Polarizer reflectivity data.

Line Orientation Measured

A (um) Pol. 1 Pol. 2 Reflection

570.5 V V 0.137

570.5 V H 0.930
185.4 V V 0.458

185.4 V H 0.970

1217 V V 0.045
1217 V H 0.979

V - vertical ( . to page)

H - horizontal ( II to page)

55

I - r W



020

ICJI

.
W -4~

WS..

02

4 u

a - 0

IL'

0) 0 w 0

00Uso

414

0u) -. 4

m) %

61~ 0 02..

w 4%.b

Q)0 1
'I4 01

S 8 .
0 sJU) *

co t

01 %

56~c



- ... , &

,'

1.00

0.20

' IJ

o20 0 60 8n 00

FREQUENCY (cm- 1 )-
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A Fourier transform spectrometer in an arrangement shown in Figure

C.8 was also used to make measurements of the transmission for the case

of the polarization perpendicular to the strips in the same frequency

range as Figure C.7. These results were in good agreement with the

laser measurements, though of somewhat less accuracy.

A radiometer at 220 GHz having a sensitivity ATmin of < 0.1C was

used to measure the loss introduced by the polarizing beamsplitter when

inserted in front of the radiometer's horn antenna, as shown in Figure

C.9a. The polarization of the horn was perpendicular to the grid

strips. A loss value of 1% was found and is consistent with expectations

based on the laser measurements. Similarly, reflection loss was measured,

for the opposite relationship between the polarization and the strip

orientation as shown in Figure C-9b, and found to be 1%. This is

consistent with expected losses due to the transmission of this polarization

(as may be estimated by extrapolation from the laser measurements) and

due to absorption in the substrate and in the grid.

Finally, measurements have been reported elsewhere of the polarization

ratio at 96 GHz. A value of 630 was found, which as expected is a little

higher than that found at 220 GHz.
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TABLE C.4 Polarization Ratios of the Grid Polarizer Measured
with a Laser Source

Frequency Polarization Ratio
GHz Measured Theoretical

525 500 5000

1841 150 260

2542 50 110

b pp
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Figure C.7 Transmission Spectrum of a Mylar-Aluminum Strip Polarizer. Strip
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Atmospheric Effects on
Near-Millimeter-Wave Propagation
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is a function which describes the shape of the lines, y,, is live part of the potential energy or interarltion Fur simpler
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As shown, a simple summation is made over all lines in a sorption caused by unbound. metastable. andi bomun imirs
band, since line-coupling effects may be neglected for can be predicted in the correct proportio~n, at a if 'o

atmospheric molecules in the near-millimeter spectrum [13[. temperature [221. [231, In generil %%homn thm o i r c 0
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which defines the particular configuration of lowest energy, C. Anomalous Attenuation and Recent Work
is relatively weak.

In the complementary arena of line broadening theory, Several significant researches have been reported since
some progress is being made toward the inclusion of more the reviews mentioned above which have been motivated
aspects of the intermolecular potential energy, but a com- by another controversy involving claims for the existence of
plete inclusion of what is known [26] will be a formidable anomalous attenuation ascribed to complexes of water of
undertaking. Thus a sati'factory, completely theoretical de- various sizes [32]-[34]. The conditions under which this is

scription of water vapor absorption is not presently avail- said to be observable are ones of high humidlts with clear
able, and current models of atmospheric transmission are air or fog present, and ones of low temperatures in which
empirical, relatively weakly bound complexes might plausiblN be

favored. Consequently, such conditions have been given

B. Observations more attention in recent work. Examples of anomalous
absorption indications are given by a narrow-band labora-

There - several fairly recent reviews of data on the tory study in a special untuned cavity at frequencies of
transmission of clear air or of atmospheric constituents 115-126 and 213 GHz [29], [351 and a Fourier spectroscopic
measured in the laboratory [2], [61, [24], [27). Such data are investigation of atmospheric transmission in the range
not easily obtained as may be elaborated briefly by the 150-870 GHz [36]. Both showed increases in specific at-
following generalizations concerning the various methods tenuation with decreasing temperature (below, 2°0 K) which

used. were much larger than expected both by comparison with
1) Spectra can be obtained with Fourier spectroscopy, but previously observed temperature dependences in higher

available black-body, wide-band sources are weak, and temperature ranges and by consideration of the tempera-
require liquid-helium-cooled detectors and relatively long tore dependcnces likely to be associated with energy le\rl.
integration times for satisfactory results. Spectroscopy per- in the water molecule and expected intermolecular interac-
formed instead with multiple or tunable narrow-band tion energies. Moreover, the absolute attenuations derived
sources sometimes requires tedious tuning operations, but from these experiments were considerable in engineering
generally offers greater accuracy at a given frequency, terms; name!v, in the range 5-20 dB/km at various frequen-

2) Laboratory studies have the advantage of better control cies between about 210 and 300 GHz, values which it
of the subject constituents, their pressures and temper- correct would have a noticeable impact on apphations. t
atures. but the disadvantage of limited path lengths relat.e near-millimeter waves. A number ot resut, nave appeare,
to the kilometer size links important in applications of the since which do not show these effects and raise .Joubt,
band These frontiers have been pushed back through ex- concerning their validity.
treme care in fabrication of open-resonator cells [28] and A careful laboratory study has recently appeared of at-
through the development of large, untuned resonator cells tenuation at 138 GHz [281. An open resonator was used in
[29]. which care was taken to avoid adsorbed lavers of water on

3) In direct atmospheric research there is relatively greater the reflecting surfaces which might add spurious attenua-
difficulty in specifying the atmospheric conditions and, of tion. Results were obtained for temperatures of 282 and 300
course, a lack of control of these conditions, but in several K and for various mixtures of nitrogen and water .apor This NI
on-going researches, a greater effort on characterization is has been used to determine empirical corrections to model
being made. There are also difficulties in obtaining an spectra (see below) which have been used to make corn-
absolute scale of transmission or absorption, since the parisons with other data. No support for low-temperature,
atmosphere cannot be "pumped out" in order to bbtain or high-humiditv anomalies was found and agreement %ith
,ignal from the ;ame experimental apparatu with rio .iata in )reviously menti(ined rv, w s r21 !,,[ :1 . -P -

atmophpri( absorotion and thereby to make allowane tor good. Reasonable agreement has alo neon euno ' A i

instrumental losses and losses due to beam divergence, new results at 110 GHz [381. [301 in which ti.nrrqtii" nq ,,,,

Narrow-hand measurements have ,omething of an ad- used that were closely similar to those I2-)I I .,.r( h
vantage in that the beam divergence in the far field can be previously showed anomalous attenuation, although an al-
calculated and experiments involving multiple paths can be ternate analysis [31 still finds an anomalous ov-temper,-
analyzed in such a way that instrumental losses are ture effect at several frequencies between - .md "0
eliminated [301. Those who employ Fourier spectroscopv. GHz, it- contribution to total absorption s not I irg -

.od rnnv ',vho use narrow-hand sources. must settle tor New Soviet studies have recently been des(rif1 1

relalive transmission measurements from vhich the (haige of measured attenuation in the !requen(-\ r.ingv - I
it ,ttenuation tor ,m given ( hange in humidity or lempera- .Hz over a 1.5-km-long atmospheric patn The .'ro f, h,
ture (an he )btamned. When the database is large enough, attenuation scale was found by extrapolation trnm rlat .,,.
extrapolation to zero water vapor is possible [31], and an measurements at various humidities, a method that .a,
absolute scale for the important water vapor component mentioned earlier. Excellent signal-to-noise ratios were oh-
can be established. tained, and no indication of anomalous temperature depen-

4) Slant-path radiometrv has also been used to measure dences or unexpected spectral features were found in the "
emission and absorption, but the difficulty ot knowing the temperature range 263 to 282 K Previous work ,h 'hresi
itmo)sr;her,( ionstituent ron(entrations and temperatures investigator, [42[ is consistent with an ibsemi (' ( . .o h'
over the path comph(ates the interpretation of the results etfects, and recent Soviet laboratory results also -upport

Despite the diversity of methods, a consensus (s forming these conclusions [41].
on data of sufficient quality and ( onsistencv [2[. [61. [2aJ [2-] Although proponents of the existence of anomalous ah-
that an adequate basis exists to construct empirical models sorption caution that their observations may applv to occa-
useful over a fair range of clear air conditions in the atmo- sional nonequilibrium events [32], the tide appears to be
sphere. The spectrum in Fig. 1 illustrates such a calculation running toward a belief that such conditions are either
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quite rare or nonexistent Nevertheless. ri's i'nt ac tisit\ phenomenon but rather at) artiti e s Nhit h is dIdd ti t,

spurred bv this controvers\y has fostered signifi an i m- sirtpliN fv alt ulat ions arid imrpros . agri-'tnwit s ith i~ r

provements in millimeter-cs ave propagation, models 128]. tiOnS Unnec essdr\s discrepancw iA si th ohse rc at ion i( mi W
371. and further benefits (an be anticipated suit "xhen parts of j model are, obtaini f rom Im.t rit

sour I((" a nd h appen to be- inc ompadI tll- I hr. ,

D Empirical A lodols of Clear- Air Transmission erahte need for future stanrdardizat io n tIt lra( iit , t .)

this sourc c of c otifusiori lurtlf r . sctk n. ~i' , t\% o
There have bv'in major offorts to decevlop somnputr muod- (rnparions io the ettec ticc'n.' it (Ii iri ,rr ,r iI

els of near-mitlimner-\,sacc' propagation at secral national models as regards agreemnent %-,11h )t~j kisi~m 1'' 1 . .

laboratories. the U S. Air force Ce ophcsic s Laboiratorc [43], course ot the pn'ferrt iiesit t.%j OW lit- Ohil f
[441. e.g., the U.S. Army Atmospheric Sciens es I aborator'. Sovie't result,, [401. [-411 menit ionnijdab, i fi tter tio iii

1
ii I

[451, and the National Telecommunications arid Information t ions. based on the miodel i r ,~ 12A []_ Is plus -Ir 11
Admriinistration [28].1 [37]1 [4b]+[18] All ha\,e been extended dB., km., depending on the trequ.iii %. (ii I iii i'-

to include effects of adverse weather, which will be cionsid- (see Note Added in Proof tin p -5tI
ered in a later paper. Besides the advantages of s omputatil ril 1 (,d -Ir to i

In the interest of computing speed, the general practice titnthnubrolnetatr,(a(Uatd'XfiIl-
in these models is to compute the summation in (1) only stroigetenumbe oliehatae tlobe alc uf)tel splo- II'
for tines near the region of interest and to add to this a term which regions near line c(enters c an he aldt ulatod ht,
that slowly increases with frequency. This represents all the hafcittenodlgofetcalrsat thsi 'ii

ontributions due to the wings of lines at other frequtencies many layers are included in the calt ulaitiori wuirl i! '.,

and (Jut, to other possible absorption mechanisms in water at tlv ~(,sr, rd(neun1 a( -r
ao hich have been mentioned. it has been customary arnes atg lo2 presurnexandl cosequent d' (h U'..'.i' T'

it) this field to refer to this term as "continuum absorption"'
although this is not entirels consistent with previous usage

srpectro,-cop,, Its magnitude has been) determined by, i.

ritririg to obsersations and thus compensates tor the, limita-
Tic ns w, hich exist in) current theory. in early empirical mcod-.
-'Iirig efforts [A]data tor limite~d condlitions of barometricz

ii. -ssr'- ThS' Jii oh Urnidits , noI temperatur' %%erie utilized( 05 N
o'fit, 't, ,rrj 'iijs :flerf'.\,as :nadequatte unuerpinning to

Tiw atssumfpt ions mnade tons erni ng the depencteoce of the
magnitude of this term on those variables. in particular.
inadequate attention was paid to the effect of self-broad-
ening on the humidity dependence and to the steepness of 00 -N
the temperature dependence in the gaps between lines. A 0 100 200 300 400

me. .'rt fo~rmulation of the continuum term it [281, [37] FREQUENCY GIM&

givefn bv Fig. 2. Transn -i~st oni a 'rtit al imtlf '.) '-

= 'T 2 tantiard Atnitspii' * ait(uiat-''' %'<ioi ! f,
a. (0 39-7ep, T 4005 e- (2 nuil J4 1 The, smali iii,' ,n-r~ ''~-

is to~uch impro\ced in this regard and is illustrated in Fig. I nitti 'oihle bvi.'tsi'n :)C ind - ( .iz I, .'

bs the, dashed curv. Here, the water vapor partial pressure atrmtishiitrnitOT itii Z-

is i kPa I = 0 mbart. the dry air pressure P, is in kPa. -adr

in) booi n fl'il-enicd tromn TtO.-.sings o)r in) ompiri als- nets with -enith .Itetr'i ots s'.rii, ir 0....... .0

liiifiiin,. -naoc' 'ntt has n.'.'n suc esstuil\. titteri to data iini-wav z'nith transmiss iont

in parts cof the millimeter- and near-millimeter-wave regions
is vcelt as to the 'tirared. with onily four fitting parameters IlE%11issi(iN AND) Rit RA It( Ns

hfign-(savEmission ind refras tin b-s\ tb n''O' '

tnlo~jri'-rors ;w'tvi'.n torrnlitions ot it . ui(tf is& in [K$1. :roeoei miv. nriilv. sti or' tiii. ' '

I I I I~ ~ ~ ~ ~ ~~~~~~~~~~~0 ( Ui'II- 1lensx n jsds iS ,1ar( I' i 'ij 1) .sj ) tIit o v IftIIiof,, 'rnI' trgo.i
'tw int )v.-iit )art -)t igiveniti noiui anl TTii ;iii. nao.' josrotini te rn P5 it iIT ''.

'ix t . tese (,rot( es s-an have a o ramatic etfe( t riot) ink- or is related to absorption I)% Nirt unhit is'. - 1
the nmagnitude ot the complemnentary continuum term. but tion, by the Kramers-Kronig reiaticnnhip
also, for example, on its apparent frequency dependence.
Some workers show a continuum with a simple frequency A Ehsvo
l'nendencc' like that in (2) mnd others a continuum wvith

''r. -it nr tiit in inrts .4 _- -1:1 The in- in) the -ner-niilirn'''r tiii i ', ,

in'. itItt' ) " " ''' nes -0''* T(i tnr *'Xp)i 1t Mi LJsiiiln it i !hi' 'rotTing 1Xs i ,' i

nit ii0l al( ulatrion and( nia% .jarc Nithi ttequeri( [24] In the Racleigh earn, aplirisiatitin i\ ,,'.~i-i*',

this sc)-salled c cntinuum is riot 'o't a separable phns-sit at aturi' oH-sr arnt('nna'o rdT -t-T'

69.
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P received from the atmosphere b, a radiometer at 1.0-r

frequency P by [51] 0

05
where dv is the receiver bandwidth and A and Q are the
effective receiver areas and beam solid angles. respe (til,
If the atmosphere could be represented h% ono, homoge- 00
neous stab' of air, T, would be' gison b, 0 100 200 300 400

TB = T,(tI - 0) P) Tv (4) FREQUENCY GH;

Fig. 3. Slant -path transmis ion , rr.i i .. ....... .,-i,
where t is the transmission through the slab. T, is the air surements [521 (dots) and compari .,tii a mdiii , il l- .iI

temperature, and the last term is due to the cosmic back- tion of transmission f431 Slant s,'cant = " i .',ra,-" .,r,

ground and is small. ,apor column densit, deried irom raIh-iir1 ILt =

In (4) it is assumed that the atmosphere is in thermody- mm precipitable After [431

namic equilibrium, and thus its thermal emissivity, by
Kirchhoff's law, is equal to its fractional absorption (1 - t). models referenced in the previous setion the% ,hould
Gradients with height of both temperature and molecular probably be given less weight of contidenn(e than models
concentration are modeled by approximating the integral based on laboratory or horizontal-path measurements %%hero
relationship the atmospheric conditions can be better specified

There is interest, of course. in leels of atmopheri(
71 P) = fc T( z) K( v .z) dz + T I()t (5) emission for their own sake as the\ impa(It astronom; al

observations [52]. [54], [55]. communi(ations [,] [S] and
by a summation over thin spherical shells in the atmosphere radiometric surveillance
which are taken to have uniform conditions. Here K(,,z) is
a seighting function which determines the contribution of B. Refraction
the air temperature at altitude z to the sky brightness
temperature and is given bv In the near-millimeter-wave range, atmospheric retractx,-

d itv can be described as a sum of a contant termi N ..

KI , z) = z t0.Z) (6) derived from a sum of contributions b, !in- 3t ii treou,'n- ,

ties. and a dispersion term .14,, due to the Vater rl
where oxygen lines in the region

t(O,z) - 1 0 - (7) NNo + N,

(Note: refractivity is equal to the refractive index minus one,
if a is expressed in dB/km. and is usually expressed in parts per million of unitv. ppm. 4'

When one wishes to determine the transmission of the equivalent to the term N-units which is frequently seen.) In
atmosphere over vertical or slant paths, one can in principle common with the radio-frequency and microwave region,
point a radiometer at a source of radiation outside the of the spectrum, the nondispersive term used in near-milli-
atmosphere, such as the sun, and correct the received signal meter-wave models [57]
for what is known of the source radiance and the antenna N- K,(PI/T)Z- + K,(e/T)Z-' - K(e/T-)Z,, (0)

coupling efficiency (both functions of frequency). In prac-
tice. these corrections are difficult and some implificalions depends strongly on the amount ot water ',ai)or :Dre,,nt r,

-nay be realized if, instead, emission trom the atmosonere is the atmosphere (expressed here as "ne partiai )resuo !
measured and *he corresponding transmission is interred This differs from the case in the visible or npar-wtraro'.
[52]. If the distribution of atmospheric temperature with parts of the spectrum, where the nondispersive retractiuit
height is known, from radiosonde observations for example, depends almost entirely on barometric pressure (equal to e,

measured spectra of T, can be inverted through (5)-(7) to plus the partial pressure of dry air P,) and temperature T
find the transmission of the path. If the water vapor distri- Equation (9) is not an exact theoretical torm but. with

bution is also known or can be estimated, a mean radiating K, = - 760 Ki/kPa, K, - -'5 KikPa. and K. = S--0 e q -
!emnerature can be assigned bov a Curtis-Godson-tvpe ap- K- 'kPa. one wnich tits T571. '5B[ ,bservitions weli ih,.
,roximation [50!. j531. Then (4) can be used to obtain a tactors Z, .nd Z., are nearly eoqual *o unit% j3.1 i'] -tvi

-imple approximate inversion to transmission. An nsample correct tor the nonideal gas rmation :jetwenri jlnsit% !it0
if data inverted by this means [52] is shown in Fig. 3 and pressure. It is interesting that a small but ,tatisticail. -,igni-ii
Sompared with a calculation based on a recent empirical cant discrepancy has been found [57] betwepn the abo,.e
model (43]. values of K, and K3 and those which best tit theoretical

This and other recent comparisons [37], [54], [55] between refractivity calculated from tables of line parameters. It has
models and slant-path observations have shown reasonable been suggested [57] that this indicates either an error in
agreement The signfican(e of these comoarisons 'I rem- values of the strength or certain key lines in the.ater aor
,)vwr- . howevfer. i)v 'he 'i,nt iniont )t jata .i\.ill able Dure rotatlion )anl or in .,tip( t ,t s,o( iation ,,% .'. tor

,on( erning !he humditv and temperature proties u .er the molecules.
paths studied Some workers have attempted to dense The dispersive term is calculated [37], [46,. t4-]. [oQ]. ibti j
continuum expressions for use in empirical models on the as a summation o\ser lines, similar to (! . hut ,.%h a lIne
tOasi ot slant-path emission observations [52]. Although shape derived from / by application of the Kramers-Kronig
these do not greatly differ in predicted absorption from the relation. A tvpical value of N, is 350 ppm. and bv compari-
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ISignificant work has also been done in the mitrosas
region (eg, [68]), but millimeter-wave or near-millimeter-

-o0- wave studies have only recently been gien prominent
. attention. The possible propagation effects \,hi(h ma\ he,

.so0,- catalogued are fluctuations in received intensit\ angle ot
ariol propagation delay, frequenc , adpolarization o)l

.. O. which the first three ma\, be expected to be signitn ant at
so near-millimeter wavelengths In image lormatin the phe-

nomena can be manifested as s(intillation image dint ng
iand mage blooming, of which the first two ar impoirtant at

such wavelengths.
-O .... As pointed out in [3], turbulence effects ha\.e sometime,

0 200 400 600 Soo 1000 been discounted for near-millimeter waves, since s(atlernig
FREOUENCY MGHz) by turbulent eddies is a diffractive effect, which naturall\ i,

Fig. 4. The dispersie part of the atmosphere's refractvitv stronger at shorter wavelengths. This is demonstrated b-,
calculated wtth the same model and conditions as in Fig I the following expression for the expected log-intensitv van-
For thespe conditions the total refractivitv at 0 Hz is 350 ppm ance of a received signal [601:

son, the dispersive term illustrated in Fig. 4 is important oin, 0.4% k' L" 1 - 2.73 (10)
only in the vicinity of the strong lines, such as those at 557, 1

752, and 988 GHz. Observations of dispersion in the near- in which k is the wavenumber 21r/X, L is the propagation
millimeter range are thus far available only at low resolu- path length, L0 is the size of the largest turbulence eddie,.
tion from dispersive Fourier transform spectroscopy [62], and C,. is the refractive index structure parameter a mod-
but no significant discrepancies with models have been sure of the spatial variance of refractive index. The rea'on
identified. that turbulence effects cannot be neglected in the near-ril-

The practical effects of clear-air refractivity are to pro- limeter-wave picture is the significant contribution b, \,%at, r
duce phenomena which may be grouped into ones result- vapor to the refractive index that distinguishes thi,, rogin,
ing from large-scale structures in the atmosphere, such as from shorter wavelength regions. as mentionel ,,arinr . .i
diurnal and weather changes, overall temperature and water the tact that water vapor inhomogeneitie, n the jtn)-n
vapor gradients or inversions, tidal effects, and the like, and sphere can be large. Fluctuating signal strength is not int,
those involving small-scale structures such as those pro- only propagation issue of interest. Since at these sasi'-
duced by turbulence. The former will produce varying lengths, high-precision tracking and adequate image forma-
propagation delays, beam bending, beam ducting, multi- tion systems may be constructed with antennas of mod-
path interference, etc. Except in the immediate vicinity of erate size, it is particularly of interest to know ,,hether
strong water vapor lines, as mentioned above, these effects fluctuations in angle of arrival may show up as signifi(ant
should be closely similar to those found in the microwave [69].

* region, since the refractivities in the two regions are very The near-millimeter-wavelength regime is ot (onsider-
nearly equal and the sizes of the atmospheric structures are able interest for a number of other reasons Some (on-
large compared with the wavelength in both cases. One troversy has arisen over the interpretation of observation,
distinction may, however, be found for multipath-type ef- niar the center of water vapor lines of moderate strength
fec(ts near the ground where reflected signals off the ground where the refractive index must be treated , ( omolehx ,
imay contribute to i propagated wave. In this case. tne will be discussed further in later vetions uin roiui-i('-
ground effects will differ at near-millimeter-wave trequen- are of practical interest as possible ( hoi(,, Tor, ntrndiiJ-
cies from those at lower frequencies due to significantlv range communication links. Another distinction trom shorter
different scattering properties. Little experimental attention wavelengths is that near-millimeter wavelengths ar, rio
has thus far been given to these large-scale phenomena in longer much smaller than turbulent eddies, but rather are
near-millimeter-wave propagation. Studies are being made comparable with the smallest ones. This so-called inner ,
of the effects of small-scale phenomena. however, as de- scale of turbulence ?., is of the order of a few mdlimeter'
scribed in the following sections On the other hand. it is possible to ( onstru(t antenna, ('r

antenna arrays which are as large as the largest edcdie ,
. or

Wt IV. TLJRBULENCE the outer scale ot turbulence L,, which range% trom I Meter

Wi to a few meters ,n size tor propagation near the grourti
When the wind carries inhomogeneities in the atmo- and possible to have propagation ranges tor vhih the

sphere through a propagation path, fluctuations in several Fresnel zone of size VXT is also comparable with L,, This

properties of the propagation result. In clear air, turbulence has given investigators an opportunity for interesting tests
is the cause of inhomogeneities in both the refractive index and extensions of theoretical models.
and the absorption coefficient of the air. The refractive
variations explain the familiar visible phenomena ot star A Theory
twinkling and the shimmering of distant images on a hori- Ah...

zon on a hot day. Manv aspects of the effects at visible and If one may assume that turbulent eddies are distributed
near-infrared wavelengths have been explored, after semi- in the neighborhood of a propagation path in a homoge-
nal theoretical work bv Rvtov [63], Chernov [641. and neous and isotropic fashion, the Kolmogorov model f(ij nt

Tatarski [65], and detailed reviews are available [5], [66], [67]. the eddy spectrum says that the refractive index spatial
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variance is proportional to the two-thirds power of the for which the value of C2 is smaller in the near-millimeteri-n
separation of two measurement points Ar when Ar is region than in the near infrared.
between 1, and L; i.e., A formulation was given earlier in (10) for the expected

(An 2 ) - CAr (11) level of intensity fluctuations that applies [601 when 1) the
wavefronts are spherical, 2) the transmitting and receiving

The brackets denote ensemble averages which can usually antennas are small relative to a Fresnel zone v-T, and in
be replaced by time averages (according to an ergodit turn. 3) the Fresnel zone is small compared with the outer
h,,pothesis). The constant of proportionality C, ., which also scale L,, The corresponding expression for angle of arri\,al
appeared in (10), is the key refractive index structure param- variance is [64]
eter relating the turbulence structure to the resulting opti- = - (14)
cal effects. In general, the index of refraction must be
considered to be complex, and strictly, terms should be where p may be interpreted as the spacing of small anten-
added to (10) for the contributions of the variance of the nas (or the width of a large antenna) used in measuring the
real and imaginary parts and for the covariance of these angle. Since with two or more antennas in an array, one
components. The terms involving the imaginary part are actually measures the phase difference variance, known as
due to spatial variations in absorption, and it has been the phase structure function D., an alternate description is
estimated that, except in special circumstances, the contri- ek(
bution of absorption to fluctuations will be difficult to 0,= \ )i . P (
observe in the near-millimeter-wavelength range [60], [611. where, in both (14) and (15), the dependence on p holds
The discussion will return later to this topic, but for the when VX- < p < L,, [72]. At larger antenna spacings, one
time being can be simplified by ignoring the terms involv- can sense the outer scale by a drop-off in the slope of D.
ing the imaginary part of the refractive index, with p A transverse coherence length p, is sometimes used

Since both air density and water vapor concentration which is the value of p for which, D, = 2 rad Since in the
affect the refractive index, the structure parameter C;, can near-millimeter-wave range antennas are usuall, ;maller
be expressed in terms of analogous structure parameters for than or comparable with p0 , the main source ot image
temperature, humidity, and barometric pressure. Pressure degradation expected from turbulence is from image danc-
variations can generally be neglected [60], and C;, is given ing rather than image blooming.
,5 In early derivations of expressions such as ( .0), t1, an-

(15). it was assumed that scattering by eddies .%as,.ak
r= , A'., + -- C2 -- / C (12) (i.e.. that scattering angles were small) and to reintorce thi.

(T) 2  (Q), T) < assumption, it was additionally assumed that X3L << e,4, or

where the A coefficients have been calculated from the more simply, that A -c e0. Whereas these inequalities are
refractive index spectrum [60], [611 and Q denotes water readily satisfied at visual wavelengths, they are not so in the

vapor concentration. Frequently, the earth's surface near-millimeter range, where X - ?0. It is reasonable to ask
evaporates or transpires a considerable amount of water whether small eddies are able to sustain significant reso-
vapor. In these instances, the humidity fluctuations in the nant scattering in this regime, similar to that familiar in Mie
boundary layer are considerably larger in relative terms than scattering from rain drops. However, recent work [73]-[75
the temperature fluctuations [60], [70], say has shown that the formulas derived under the assumption

of weak scattering are still a good approximation when
.M- 10i _.C  N > e, provided that A < p0 or L,.

(Q)2 (T)' An important dimension underlying the phenomena di,.-
dissed thus far is the spatial spectrum of :urbuient .u,-

rl humidity varhan( e oin inales the retra~tive i ides ,truc - and the resulting time spectra ot modulation,; in ri tia-
tur. This can result in values of the near-millimeter wave gallon- Between the inner and outer scales ot turou e.
C;. which are larger bv an order of magnitude or more than the iner and oute s s u c
ones in the infrared, which are mainly sensitive to tempera- tog
ture structure. O,() - 0.033C -'/ (16) .,A

That this is not always the case may be seen from the for the spectrum of refractive index as a function of spatal
following considerations The last term in (12) is propor-
01)0,11 to te( ovarian(-,o e meauendh iitC, wavenumber x. For smaller scales (larger wavenumbers, manir

the (oar-of temperature and humidity C,, 2-/ ,, refractive index variations are small and a Gaus,,,_i
A AAQ)/Ar-' which can generaly he approximated tor tail can be added to (16) [651, [67]; tor larger scales (,maile ."

*hf- t)(undarv layer by (601 wavenumbers than 2f/fL,). turbulent 0henomena ,nerg,,

C____ - C; C-, 17 with the large-scale variations in the atmosphere that were

(T)(Q) (Q) (T): 3) enumerated in Section III-B and are ill-defined in form In 0
general, the variations in refractive index continue to in-

The positive sign is usually found during the day and the crease in size as the wavenumber decreases below K -
negative sign during the night, due to a change in the 21r/L,, but with some decrease in slope until some consid- P
dire(tion of the temperature gradient near the ground. erablv smaller wavenumber is reached. %
Since A, is negative (ie., retractive index decreases with When a transverse wind carries the turbulence structure
increasing temperature), the last term in (12) acts to reduce through a propagation path, the spatial spectrum help,, to
the near-millimeter-wave refractive index structure. Under determine the resulting modulation spectrum for propagat-
some dry conditions, it can substantially cancel the contri- ing electromagnetic waves, An approximation that is fre-
bution of the other two terms [71] and result in a situation quently invoked is that turbulent eddies are "frozen in"

BOMILANOIR er a/ ATMOSPHERIC EFFECTS ON NMMW PROPAGATION 72 51



i.e., last for times which are long by comparison with the variance [671. In summary, for Fresnel zones which are
time taken to cross the path. Not all eddies are equally typically one to a few meters in size and for reu-eiser
effective in creating modulation, and so fluctuation spectra antennas or arrays of the order of one to a ftes meters in
measured in a propagation experiment do not closely paral- size, the important fluctuation frequencies are expe(led to
lel (16). For instance, eddies approximately equal in size to be in the low part of the audio spectrum i (lear air
the Fresnel zone are particularly effective in producing turbulence.
intensity fluctuations, and the resulting spectrum of such
fluctuations does not fall off rapidly with increasing B Observations 4"
frequency f until f > f - v(2:rXsL)- '12 [76], as illustrated in
Fig. 5(a), where v is the cross wind speed. For fluctuations The preponderance of experimental eftorts haire thu, tar
in the phase difference between two receivers separated by been directed at intensity fluctuation effect, a, thee ri-
p, eddies of a scale similar to p are particularly effective. quire less apparatus. The frequency dependence [70] [--1
and the fluctuation spectrum has the form illustrated in Fig. and path length dependence [701 in (10) have been \,eritied
5(b). In contrast, the total phase in a link fluctuates slowly by simultaneous observations at multiple frequent.s in

with a spectrum dominated by the largest scales in turbu- ranges covering 36 to 230 GHz and over paths of different
lence and by the other large-scale phenomena which have lengths. Expected changes when the outer scale -, happens
been mentioned. For this reason, it is not meaningful to to become smaller than a Fresnel zone have also been
give an expression analogous to (15) for the overall phase observed [77]. Less attention heretofore has been given to

verification of the refractive index factor in (10) due to the
requirement for a considerable investment in micro-

o,1 meteorological instrumentation to enable pred(tions ot C

101J \ to be made. This need was perceived in recent ,ear,, [t,]

100 and several significant efforts are now undera, A Jomn-

o13 parison of observed microwave values of C;, v,ith 00',-

1,d' \ '"calculated from measured values of C,, C- , and C.,. h. .

163 I shown reasonable agreement [71]. Observations hae, re-

62 cently been obtained for near-millimeter-va\e int,n-.!.
:o

"  i d so"' 10, 0o' 0 fluctuations (in the range 116 to 73 GHz) as. .,,-l . •.
o ca) detailed micrometeorological parameters L-I. ,
I io°, direct test of (10) will thus be possi)le

, ' Observations of the spectrum of intenst, sintilation
2 10- have also netted interesting results The general form ot Fig

5(a) has been confirmed [79], including the expected talloff
with fluctuation frequency to the -8/3 power at high

id,' frequencies 17bl. Studies in the neighborhood 1801. 181) ot

,I"1 the oxygen absorption band near 55 GHz. somewhat belos
9 ' , 16 1 ,' to* ,o' io the near-millimeter range, have demonstrated that nho-

(b) mogeneities in absorption in the atmosphere produce an
o *] \expected increase [811-[83] in fluctuations at low flu(tua-

lo tion frequencies, above those due only to the real part ut
the refractive index, as sketched by the dashed lin, in Fig

'(aj. One would expcect -imilar ,,te ts to t',-nt,, : ,.,
0'0 .ignihcant water ,apor jOsorpttor iiln,, m the itr 1 ,,WI
lo-2 ter-wave region.

-121 _Observations have been reported. hoveer ri .,i
io"

l l
- i- to o' 00 which have the opposite sense; namelv, striking deureas,.

NORMALIZED FLUCTUATION (by a factor of five) in the relative intensitv fluctuation
FREQUENCY levels in the center of a moderately strong water vapor lint,

near 325 GHz [841, [851. as comoare with near)b,, rgiiri
(-) between ines. Attempts at theoretical treatme -rs i-

Fig. 3. rheoretical form of tlij(tuation stectra or the wmb- have taken account ot the tact that DrDonagat)r1 i,), i,.
.gation ) Ipheri(al ,-le(troriagnetic waves i a iri o- tO be much ,horter n ,,ucn f61l a il( u, t,) log-i 'i li ,.,"
7itienitv spe(tral (lensitV normalized Osv multiplyking t)\ ire

tactor i/aTn. Frequency cale normalized bv dividing the of absorption (30 dB or more) and thus retra(tive - attrm.Z
fluctuation frequen(v f by ft - v(27t,\L) - ' / where -- can become relatively more important than liltra)tis.
(ross wind speed The dashed line shows expected low- scattering Although it has been shown that in partiula
frequency behavior when absorption adds signifi(ant circumstances, a decrease in fluctuations can occur. present
fluctuations The exact frequency where it loins the solid line theories predict much smaller decreases than thoe '-
,.%ill depend on relati\e importan( e ,)f ahborption and retra( -
tri [',i (hi Phae lifferpn e spe( tral irunsitv norm.alhied hi% .ervvd [85]. [861 A .mail letarture ') ei,, ii,o rr " '
JI. ing t)'s- the, PIrim trfU(ILIft' rrn(tiii D,, Frenuent \ ( It,. r m the usual .\i)we it i, ig-o rtniil ii

iiirrniahlzed by dlividing the fluctuation rerquency t ri. . 1) intensitV for a region et h n igh (sortin r) the r'i t'

,,nere p is the spacing of the points with different phase i)w
Total phase fluctuation spectral density normalized b\, multi- wave pectrum There is in opportunity here for tri

ns)kng t)v the a( t~or It ir;', The 'lutuation trequin( (,u a'it ork to consolidate the i( ture iof h,n in.ne, 'hi T ,. -01

,s normalized as in (a) pany high absorption shi(h are ot more than aadi'm,
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interest due to. potential applications in the communica- see clearly the expected departure at larger spacings due to
tions field, for example. In further investigations, it would the effects of the finite size of the outer scale of turbulence
be advisable to eliminate some of the existing un(ertaint% [72]
through observations supported by detailed micrometeorol- In the longer term, such studies will be useful in af-
ogN of the temperature and humidity structure fording the opportunity for detailed comparisons with the-

Relativelv little attention has been given until recnentlN to or%. but for the present the, have also provided usetul
the important topic of angle of arrival or phase difference orientations concerning the qualitative importarke of \.ari-
fluctuations. Apart from measurements ondu(tvd at mi(ro- ous types of weather in producing degradation in propa-
wave frequencies [68], there "ere some observations near gation due to turbulence (or turbidity trom suspended or
150 GHz based on the use of a receiver which switches falling hvdrometeorites) Summertime conditions when
between two apertures, which showed angle of arrival transpiration or evaporation of humidity are strong have
fluctuations with a standard deviation of about '00 j.rad provided the largest fluctuations vet seen. Over a path of
[88]. The present authors, with collaborators from the Na- about 1 4 kin, intensity fluctuations up to 40 percent peak-
tional Oceanic and Atmospheric Administration and the to-peak and angle of arrival fluctuations of a few hundred
U. S. Army Atmospheric Sciences Laboratory, have been microradians have been observed. At the other end of the
engaged in a new study in the frequency range 116 to 173 spectrum have been fog conditions in stationary air, for
GHz that covers both intensity and angle of arrival effects which fluctuation levels have been about thirty times lover
[78]. It is being conducted over extremely flat and uniform [78]. Generally, precipitation events have provided inter-
ground cover to eliminate as many complications as possi- mediate levels of fluctuations. This may at first seem surpris-
ble to the turbulent structure. Simultaneous measurements ing since during a rain storm, for example. there is plfnt,, of
of the micrometeorological parameters that characterize available humidity and, in addition, fluctuations from
humidity and temperature structure are being made along scattering by rain. Offsetting those Influences v.hi(h in-
vith observations of standard meteorological parameters crease the effect of turbulence, is a tvpical de(rease dur to
Near- and mid-infrared scintillations are also recorded, cloud cover and the removal of strong heating at the,
Measurements have been conducted in a wide range of ground. Even so, of the factors which increase the iluctua-
weather conditions throughout one year, but are at the tions during a storm, preliminary indications appear to rank
t,ie or writing in onlv a very preliminary state of reduction, the humidity effects as being the most important [-'] pre lt'.
IT., ingl, or ,rr ipval -easurernerrs are derived from a 0- much in ine with expectation f,'Gj. This ,-tr , h -e i r. r

n% ' --nmrme nterterometric receiver arrav, and an tance of the study at turbulence not only n .ei ,r :,u'

-xample t results typical of summer daytime conditions also as it is superimposed on adverse weather.
dominated by humidity fluctuations is given in Fig. 6 as a The discussion of turbulence effects in this review, has
function of horizontal receiver spacing. The Kolmogorov been confined essentially to horizontal paths fairly near the
5/3 power law (15) is shown for comparison, and one can ground where the atmospheric conditions can be reason-

ably unifom and readily characterized by in situ measure- *.

1.0- ments. Little attention has been given to turbulence etffcts
on near-millimeter-wave propagation over slant paths One
might argue that slant-path effects will be smaller in most

0.50 - 0 regards due to shorter interactions with the lavers neart,.

the ground where the refractive index Structure constaril i,
expected to be highest. The foregoing discussion has alo

- . . been restricted to Spherical vavefront, as h,:p ir,

.3O -ncountereu in practice. -ow ..,r. noiec- .;i,i. -

and beam-wave cases also are ,vaiauile ie.g ,

0.0- V. CONCLUDING REMARKS

6M An understanding of the effects of the clear 3tm,.cr", •

Z.o5 on near-millimeter-wave propagation is fundampna, .
vider understanaing .t tfp(ts it all "CDe )I '.. t: •
. w )t the saiient needs -or 'utther .,.irk .. io ,, .,
.iscussed in the o)receding ,e(tlorl, .,.v i . U , i , .

) Present mouels .)t nonre (ant anorn:ii . i ,
3 .03 vapor, the so-called continuum between the ino,; ire .n -

pirical. A breakthrough to an a priori description or the roie S
0.0l .of the molecular attractive forces of water in collision

2 s 10 broadening of absorption lines and in dimer formation
would be of major consequenc It would oro ide i bt,'.

4NTENNA qPACING - iMllllf~i ;nderstanding )I hvdrogen honcni -,r I 'n,. ,,.. ,"

'iii ~ ~ . si-il is nePtter )rpoirtiions I it!n,)sotrtri c,,, .

:r in-,' IT'I' "t ,. r i r 'TnlKI |t ii urnctiOn of temperature
Sti i I snusss the Koilmoi iy :.. _ ) Even within empirical aooroaches to oredi(tion, ,I

,, ;.. . irtin, i,J !he i ,(ale of turul *e Mluch needless confusion arise b a la(k or -tandad zatr i n

' -'ti S N i)t I p . 1 a A T % i(- s P , i R I( u lt ( I S 1 )N N % IM W P R i P - ( , A ( N 7 4
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over the definition of what nearby lines to include in mixing ratio profiles determined from ground-based measure-

explicit line-by-line calculations. There is little on which to ments of the I - I - 0 and I - 2 - 1 emission lines /

base a choice, but the procedure used by the investigators Ceophyis. Res, vol 87. no C9, pp '235- '241 Aug 20 1982
110) L. S Rothman, R R Gamache. A Barhe A Goldman I R

at the U.S. Air Force Geophysic Laboratory [43] has the Gillis. L R Brown. R A Toth. I -%A flaud, and C Cams-P,-srt
advantage that it is useable over a wide spectral range. An ",stci atmospheric absorption line paiamoter, kornpiliio,
effort to bring about standardization and a consolidation of 1982 edi1tion." Appif Opt so! 22 pp '22---225o. Aug
present observations and predictions into a format where 1983
more thorough comparisons can be drawn would be 111 1 -M Flaud, C Camv-Pesrvt, and R A flub to'i' Ci (

srants. ViWater V/apour Lino Parameters tromt*tth~ 0'f
welcomed. k.tediurn infrared Oxford England Pi-rgatnn14

3) The discrepancy between theory and the observed [121 1 K Messer. F C. De Lucia. arid P Hilotingi-r The ltot'

temperature dependence of the radio-frequency refractivity rotational spectrum of ssater sapor-A nilirnetotf ttunii,

is tantalizing [57]. The phenomenology of large-scale refrac- metr~ aol 4.r pprae 505-539 -t98I3tljt~

tive effects at near-millimeter wavelengths, such as beam [131 K S Lamn, "Application of pressure broadening titoor% lt In.
bending and multipath propagation, have so far been given calculation of atmospheric oxygen and %sdii'r sapot rimur
little attention swave absorption." ) Quint Spot tro't: Radijt Tran~li'r ofI

4) Greater prominence is now being given to studies of 17 pp. 351-383. 1977
turulece ffets.Sevralineretin cofiratins f te- 114) W S Benedict and L D Kaplan -Cak uliiio (it line, vidttt

turblene efect. Svera ineretingconirmtion ofthein HO-N, collisions,' or Chem Phi.' % ol 3C; pp 388-:4-'
ory have been completed and many more comparisons are 1959,
in the offing. One puzzle which has appeared is the report (151 ___ "Calculation of line, sidths in H 0l-H 0 aind H 0-C,
of a strong diminution of intensity fluctuations near the collisions." of Quint Spectrtos Radijt l'rjtt,r',r .)j pl

centr ofa lne a 325G~z(e~g. [8)).453-469. 1%64cener f alin at325G~z(e~., 851. 1 "1 1 H Van Vleck and \, F iv,.'isskopi (it) lIii' oiapt it
important effects in adverse weather will be covered in a colIsioton -broadened lines." Rev% Nvtid Phts %(Iti -li

future publication. 227-236, Apr -July, 1945
1271 E. P Gross. ''Shape of collision'broad,'rii' po,,' trwi in.''

Note Aded inProofPhis Rev., vol 97. pp 395-4103 1055
NoteAddd i Prof 181 D L Hubei and I H \,art ,'ckl The til, iii 13,i,tnmiart

The author recently received a preprint of an article by factors in line shape," Root %tod Pht, siil K~ll '

H I Liebe in which revisions of the model in [281, [37[ are ['1%ACog6FXKezsR at' ii "V

Priesonted. The improvements are based on revised line Tipping, "Theoretical lint, niioi' tr H il , mci Ait )
dta and a more 7efined analysis of data obtained in his to the t ontinoum," in Atmflto,ri tii'tf .Ui It AI.

labioratory. T'hev appear to bring the model into substan- T D Wilkerson. and L H Rutinke. Ed's Niss i ki A, ,ii i'

10,tiallv better agreement with the Soviet data [40], 141]. Press. 1080. pp 25-4b
[201 G Bi rnbaum, ''The shape of col Iioson bri adt 'ord linot',,I i.i

resonance to the far wings." I Quaint ,f' trus o uiti
AKNOVLEDMENTransfer. vol 21. pp 5q7-60- 1q9

A( KOWLDGMNT[211 R W Davies. R H Tipping, and S A (liiught Dijii
autocorrelation function for ntole'rular pr'iri 'ttin tail,' t rig .

The authors would like to acknowledge helpful discus' quantum theory which satisfies. the tlut tuatitin-d. 1 ratiitii

sitons with S. F. Clifford. R. J. Hill, H. J. Liebe, and 1. T. theorem." Phov, Rev A, Svl 2(, pp 33P , . )t..

Priestley. 122] D E Stogrvn and 1 0 Hirsi Itteliler (itrifutui it hiri~i
n'etastable. and free molet ule' to the vfi' d iiiyiijl ti-i !
and some properties of double rnolet o Ii' I Iwo?', Ph-

Cvol 3 1. pp 1531- 1545. 19)50 Errata %ofl j lil pp 4--1
R~II(S [231 A T Prengel and W~ S Gorriall Ra,irii ,ttti)i,.'

olliding molecule. md.it ler 1Aj al,' i--. -

'ir to wlocs ift F r ityoie atl Phits o ni '.8 M I \ti'-,'k _-Ii R A Biijl.anier. R I nw's 1) ' t1.-.%-
ftj Newv ttirk St .idernir Pres, !1)70, ofr_ . LUnimestad, H A. Gohhii', A 5trtin'.tir I -,:Q,

D L Burr h .ind D A Gr%%nak. 'Continuum .ibsorption bs S Perko\(itz. Exc ess absorpn t \ is - oo .t tr'Itt
il 0 it .jpor in the initrari'd anrd mill imeter regions. in -Atnio' son with theoretical dimer iii'.,irpitor, itm t i . i'~

soprrt' Water Vapor. A. Deeopak. T 0 Wilkerson, and L H f apor A Deepak. T 0 ilki,r~on. anid H Ruhrik. f
Rufinke. Eds New York Academic Press. 980. pip 47--( New York Academic Pres 11)1 pp '31 -.';

3[1 S '0 Kulpa arid E. A Brown. 'Near'millimeter wave, technol- [25[ 1 R DOvke., K M Mark and I \1u'nti'r 't. i-~ 1!,j,
igs- ba~se st ud%- vit I Protpagat ion and target/7hat kgritun %i Ia.1ter fi nivr t ri m mril,'tul.i r t'.t ni -t,
ci .1rr M 11r I 'i, t' I' itn)%- Hiry l.)i amniuni .,bitalt rs Reop rih us I tm Pht ii'' i plyt

I ~ ~ ~ ~ ~ ~ Ci )PI )gI .4t tnmospherirg011 %%ati'mn irogto anid illrn i~t ili Ii Its ht"
'tan i pt 11w ivrtmvetr 'ao Pint i/fir, lo- rtS)f\(h Co tn u
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nti'dia an update.' Pro III[. %ol b8. pp 1424-1443 Nov [281 H I Liebe. 'The atmospheric %%trao Imnu
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[(,I R K Crane. 'Fundamental limitations caused by RE prilpa' 207-227 1984
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4bs tra c

The need for various co-'nonents in mill1ime te r- Compared with theoretically caic-.htei Cnan"Qs in
submil11imeter instrumentation nas led us to an in- oclarization for v.arious _fn. Toe :11,,e 'n
vestiqation of several nuasi-oritical technioues in 0.3-35 best fit the reasurerrents ano i's in itie
this wavelenith reaion. Resuits of Studies of good apree"'ent with extranolations *"'vo nr-2 n- q
lamrinated TPX lens "iaterial . Ec:cosorb. an effi- results ri-JI.
cient nuarter wave olate at 225 rHz, and -'etal
grid nolarizing beami solitters are oresented. Based on this -alue of '_n. a sannnir, - A "r

,ave olate .as -o0strjcted with 1;- rt e - SS
0Quarter wave Plate or 1225 5H-z Source of a..3 :-r. --eflectivitv ino elliitcitv eas,,*--

::ients similar to Snose nertorriea d itO te :)
The efficiency of a saniohire ouarter .-aue nlatp laser wer -ace jitn at) Extenceo 'rteraction

4 or a 225 GHz source deoencs oriioarilv on the fscillato- at tne -e-jencv-225 'Ii Z 8. aS ~o ,rc

solution of two ieneral "coole-rs: that ;9 of toe "aciation after t..o transits
tnro,;on the nuarter .jave nlate ~aa" a':t

(1) a need for anti-re'lection coatinog; the ortno~onai to toe innut tolarization.lveracie rf-ct4%.e ince,( of aonrei

C 3_1 ril and 47or toe case c,: a -nick ens "ate-r,3 a -oTr a -1
-raal lei Dlane -'rt -o' 3i~e -o~r-

O~nS O 1 'rn~'o~ 'u-ae e~e- ~9 ourse r- cescCi -ia

-vity of ~norn- iens antenina or a -;I; .iolz racio:et-., it ,,as 4
(2 The birefriqent cotical ornrnertv _n determined that aosorrntion losses r), tire ler,;s0

n-nof the cryvstal "ust "e deter-lined material :exolite .jere suostantiallv niloner at 215
al 225 , HZ to estdolisi che niate tnick- 5Hz than at lo.,er frenuencies [4,5:. eoie

Initial far-infrared laser -easurements atcoie orlnsuedaod935zE nee.
comnarison transmission/insertion loss easuree-nts

urn 2445Hz)'qee oenrmd ona oanewith a far-infrared onticallv nur-oed laser have
narallel olate of sanhire cry.stal cut qith its sonta P rol(-'t~'etn- ie
ootic als oarallel to toe oiate faces. Themuhls asrtin hruntto r-rre

crysal hicnes. d= 3JO r ws sch hatreaion. Resuilts of these laser -:easure'"entS are
the olate was close to a fifth order ouarter ia ve qvni al
olate at 225 GHz. based on val 'es of n andun
extraoolated from nreviouslv determlines values for TPX is clear. slightly amber in color. And nast0frenjuencies oreater toan 6337 :Hq '1-31l -he 51reir~ct.,e ir~ex it -illi-'eter ;ive1--t,%- nirn
iser easure,7ents 'nouicater, -ioni"-.nt '-mc :!ue 'n tat -n i' shircr'p

cuction n reflection losses ,n ta i ed w ith '1 'i Iihun: o ~oa-tra 59

of 'vlarTM. unon). F .i.lite, -here are no Serious oroolems in "acninir. .

-he i f f iculItv 4 n cons truc ti no sucn coa tinrgs Some 1 ifficultv cues arise wit i7,1ita t1o ns -, t
0n

sizes of available TPX bulk stock. Extrucled olate%
is in eliminating the formatirn of air la',ers or stock is only availale in thicknesses un to 3ne
nockets hetween the crystal substrate and film. ircn *qiath, in to 18 incmes, i00 extruczeo rocs;

* t~~he air )avers were satisfactoirily removed b a o'u noe ndaotr n rsn rni
first cleanino the surfaces carefully and then .at,,on -nui-ed a lThos 'hiCkress i 'nrs 3nrd
oressino the '-vlar ",)toen crvystal. qoth fil.ms o t ~l 0a et'a tiomrPi~wt
,qere neid in niace noin neonrene qaskets ammo ilo mnIctal s Obeort ar ,,,erson li old he

Claimnsnea 'h iuer rim notheolae. hesufficnt. "easurements were -'ace of '-e trans-
'Soacina netmaeen the Ivl,,r and sanonire ;as !*hen aIso t 225 L1 of -Pl camnies :mnmol.'ted ol
evacuated ind ;eaieo. 4ith this method a maxi- various adnesives. Thme excellent ontical -rooer-

4mumi back retlectivity of avouz 1.3, was acniievedl ties of ',orlano Optical Adhesive 61 "ace it toe
at 225 ':HZ. best choice, but reinforcement of the bond -as

To determine the value of in, measurements necessarv for.MACmininq. This wag accorinl't'm,
weremad of he ffet ofthesanire lit onwith dowel rods of TPX. Two TPX Sheets *,ere
wereiiiae o theeffct o th sanire~Vit onmachined I'lat, nolished. and glued. DotI4 inn a

plane nolarized radiation. -he laser wdt, usedtesrfcs as natmttoinrzeierce'
and its 1renienrv, 244 itHz -.as sufficiently close thesfc s av nain ateto mii~miz~ae intrfac
to 3'25 3Hz t.mat ,me chanoe in Piioeteecttions hi The nal~ein .1ee cooledi to -r.-?r

frequencies -was neniliible. Sitinificant .leviation ~ h- enrtri ere colted .. reti
fromn nuarter iave olate conditions .,ere exnected bya les000 inh eewre rsrt no
at the laser frenuency. The elliniticitv of the by~ in late lam03inted.P hes we nd a'erf int

molirited radiation "esuitirrn -rom toe nas;ses hoa-n t lamr iat fit. Afer tis nd :'oo .re

thru'i te snnhreolae as etemied ndmachining of the lens ias SuccesfullIv re,"nleted.
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Eccosorb Brewster Angle Measurements '-
[5) 0. A. Simpson and R. A; Bohlander, Monthly

Eccosorb (TM, Emerson and Cummings) is a mate- Report No. 17, G. T. Contract DAAK70-C-0108,
rial which has been used to make very compact Feb., 1981.
black body radiators [9]. In these, the high ab- [6) J. M. Newton, D. J. Kozakoff, and J. M.
sorption of the material is utilized by viewing Schuchardt, 15th Symposium on Electromagnetic
the source at Brewster's angle and thereby reduc- Windows. Georgia Institute of Technology,
ing reflections. in the Interest of extending the June, 10gi.
use of this material to frequencies above 183 GHz,
new measurements of the reflection properties have [7) G. W. Chantry, H. M. Evans, J. W. Fleming,

and H. A. Gebbie, Infrared Physics 9, 31-33
been made. (1969).

Determination of the Brewster angle for Ecco- [8) M. N. Afsar, J. Chamberlain, and G. W.
sorb at 163, 254, 570.5, and 1217 um were per- Chantry, IEEE Trans. Instrum. Meas. IM-25,
formed with a far-infrared laser. With the equip- 290-4 (1976)l and J. Chamberlain, J. Haigh,
ment arrangement shown in Figure 2 the reflectance M.J. Hine, Infrared Physics 11, 75-84
of plane polarized radiation from Eccosorb was (1971).measredforsevralvales f ein he iciity[9) R. Iwasaki, NELC, November, 1976.
measured for several values of e in the vicinity [10] P.A.R. Ade, A. E. Costley, C. T. Cunningham,
of the Brewster angle GB. C. L. Mok, G. F. Neill, and J. J. Parker,

The Eccosorb was specially molded into a flat Infrared Physics 19, 599-601 (1978).
sided disc of diameter 2 inches which could be
easily interchanged with a standard 100% reflector. h..

The polarizer was oriented to pass radiation
linearly polarized in the plane of incidence to ,
insure maximum penetration into the Eccosorb at
9B Results of the measurements are given in f,,
Table 2.

Metal Grid Polarizing Beam Splitter*
N. I

A polarizing beam splitter is often an impor-
tant component in quasi-optical designs for di- j'

plexers, duplexers, Fabry-Perot type filters, or
Fourier *ransform spectrometers. One type is
made by wrappinn thin wires tightly around a
frame [10], but these are difficult to make ac- Nis
curately, are fragile and costly. An alternate
kind is made by photo-etching the grid pattern on
a thin dielectric grid substrate. The present s-
work has been an attempt to extend the state of
the art in this medium, so that larger apertures
would be available and good performance obtained
at high frequencies. Aluminum grids on Mylar
(TM, Dupont) have been constructed with the fol- K, %

lowing parameters: strip and gap widths 5 um,
film thickness 6 um, and apertures up to 100 mm N'
diameter. Preliminary tests with radiometers at -,,w., ,,: M 4.b"- ,1.t,,. ; O.

frequencies near 200 GHz have indicated better
than 99% polarization efficiency and less than 1%__
loss. Fourier spectrometric measurements will be ?ABLE I

made and compared with theory. A*soVTo-
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